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INTRODUCTION AND SUMMARY 

BACKGROUND 

The National Aeronautics and Space Adminis t ra t ion (NASA) has long 

NASA has c a r r i e d  out ex tens ive  s t u d i e s  of  materials 
had an i n t e r e s t  i n  materials, p a r t i c u l a r l y  those  of va lue  i n  ae ronau t i c s  
and space f l i g h t .  
i n  i t s  own l a b o r a t o r i e s  and has sponsored materials r e sea rch  i n  academic 
and i n d u s t r i a l  l abo ra to r i e s .  Early i n  t h e  space f l i g h t  program, i n t e r e s t  
developed i n  p o s s i b l e  in f luences  t h e  space environment might have on pro- 
cess ing  ma te r i a l s  -- fo r  example, how flow and s o l i d i f i c a t i o n  would occur  
during fus ing  of metals i n  space. 
a genera l  i n t e r e s t  i n  t h e  p o s s i b i l i t i e s  o f  processing materials i n  space. 

From such s p e c i f i c  i n t e r e s t s  emerged 

The Space Applicat ions Board (SAB) o f  t h e  National Research Council 
(NRC) was es t ab l i shed  by t h e  National Academy of Engineering i n  1972 t o  
provide advice on t h e  uses of  space i n  t h e  n a t i o n a l  i n t e r e s t .  
course o f  its work, t h e  SAB i n  1974 convened a summer s tudy  t o  consider  
p r a c t i c a l  app l i ca t ions  of  space systems. The s t u d y  included a panel on 
ma te r i a l s  processing.  The r epor t  of t h i s  panel recommended t h a t  t h e  com- 
munity of  materials s c i e n t i s t s  and engineers be drawn i n t o  the  planning 
of NASA's f u t u r e  program on materials processing.  
recommendation, D r .  James Fle tcher ,  then admin i s t r a to r  of NASA, asked 
t h e  p re s iden t  of t h e  National Academy of Engineering t o  organize a s tudy ,  
under t h e  d i r e c t i o n  of t h e  SAB and drawing on t h e  academic and i n d u s t r i a l  
communities, t o  provide guidance f o r  NASA's program f o r  ma te r i a l s  pro- 
cessing i n  space.  Accordingly, i n  consul ta t ion  with t h e  Sol id  S t a t e  
Sciences Committee of t h e  NRC, a plan was developed f o r  a study o f  mate- 
r i a l s  process ing  i n  space,  drawing on comments and advice from more than  
100 expe r t s  i n  ma te r i a l s  sc ience  and technology. 

In t h e  

A s  an outgrowth of  t h i s  

To perform the  s tudy,  t h e  SAB es tab l i shed  an ad hoc committee, t h e  
Committee on S c i e n t i f i c  and Technological Aspects of  Materials Process- 
i ng  i n  Space, whose members ( l i s t e d  on t h e  i n s i d e  cover of  t h i s  r e p o r t )  
were appointed under t h e  formal procedures of  t h e  NRC. 
i n t e r d i s c i p l i n a r y  i n  cha rac t e r ,  cons is t ing  o f  members drawn from indus- 
t r y ,  u n i v e r s i t i e s ,  and na t iona l  l abora to r i e s .  A few members had previous  
experience with NASA programs through work on agency-funded research  o r  

The group was 
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through advisory roles; most, however, had little or no previous involve- 
ment with NASA. 
a liaison member, Shirleigh Silverman. 

The Solid State Sciences Committee was represented by 

The overall objective of the study was to provide guidance for the 
future course of NASA's program of research and development on processing 
materials in the space environment. The study was also directed toward 
assessing the scientific and technological underpinnings of the program 
for materials processing in space and toward providing a clear under. 
standing of the values, if any, to be expected from exploitation of the 
characteristics of the space environment for processing materials. 

The charge to the Committee, as set forth in the NRC plan, was in- 
tentionally general. The principal objectives were 

an assessment and evaluation of the scientific and tech- 
nological significance of what has been learned to date 
about processing materials in the space environment; 

a judgment of the merit of a program on materials pro- 
cessing in space -- possible benefits, if any; values; 
advantages and disadvantages; and 

recommendations regarding the nature and scope of NASA's 
future program of experiments on materials processing in 
space, as well as on a program of complementary experi- 
ments in ground-based facilities or theoretical studies 
designed to provide a sound scientific basis for the 
program. 

The objectives were viewed by the Committee from the start as being 
broader than an explicit assessment of processing materials in space. 
The charge to the Committee was taken to include consideration of the 
properties and fundamental behavior of materials. The possibility of 
taking advantage of a low-gravity ("low-g") environment to clarify or 
broaden the understanding of properties and processes on earth, without 
any expectation of direct utilization of space for practical purposes, 
was also seen as an appropriate aim of the study. 

At its first meeting in February 1977, the Committee established 
The plan provided for the participation 

Each day's session was devoted to a scientific or technical 

its method of investigation. 
of the full Committee in a series of five two-day meetings occurring 
monthly. 
topic judged important to the objectives of the study. Each session 
centered on informal presentations by invited guests expert in the topic 
under review. 
In all, about 60 experts, whose names are included in "Acknowledgments," 
were heard. On occasion, the Committee invited members of the NASA tech- 
nical staff and NASA management to participate in its discussions. 

Questions and discussions further developed the subject. 
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A week-long summer workshop i n  J u l y  1977 concluded t h e  d e l i b e r a t i o n s  of  
t h e  Committee and provided d r a f t  mater ia l s  upon which, i n  p a r t ,  t h i s  re- 
p o r t  i s  based. 

THE SPACE ENVIRONMENT 

As used here in ,  "space environment" refers t o  t h e  combination of  
near-zero g rav i ty ,  high vacuum, electromagnet ic  f i e l d s ,  and f i e l d s  of  
e n e r g e t i c  p a r t i c l e s  t h a t  e x i s t  w i th in  or i n  t h e  v i c i n i t y  of  a spacec ra f t  
i n  near -ear th  o r b i t .  

Spec ia l ized  "drop towers" on ear th ,  a i r c r a f t  fol lowing b a l l i s t i c  
t r a j e c t o r i e s ,  o r  sounding rocke t s  can be used t o  provide near-zero grav- 
i t y  condi t ions  f o r  times ranging from a few seconds t o  a few minutes. 
Drop towers s u i t a b l e  f o r  tes ts  of  several  seconds du ra t ion  are a v a i l a b l e  
a t  NASA's Marshall Space F l i g h t  Center. 
modified a i rc raf t  can be used f o r  t e s t s  of  severa l  t e n s  of  seconds dura- 
t i o n .  
g r a v i t y  condi t ions  f o r  small payloads f o r  t es t  du ra t ions  of s eve ra l  
minutes. 

B a l l i s t i c  f l i g h t  of s p e c i a l l y  

NASA has developed sounding rockets  t h a t  can provide  near-zero 

A major change i n  a c c e s s i b i l i t y  of t h e  space environment w i l l  come 
about 1980 when t h e  Space S h u t t l e  becomes a v a i l a b l e  f o r  m a t e r i a l s  pro- 
cess ing  experiments. The Space Shut t le ,  a reusable  spacec ra f t  capable  
of remaining i n  near -ear th  o r b i t ,  i n i t i a l l y  f o r  about seven days, l a te r  
f o r  pe r iods  up t o  about 28 days, has  a 4.6 x 18.3 m (15 x 60 f t )  cargo 
bay. A h a b i t a b l e  labora tory ,  Spacelab, i s  being developed by t h e  Euro- 
pean Space Agency t o  be c a r r i e d  i n  the S h u t t l e  cargo bay and w i l l  be 
a v a i l a b l e  about 1981. 
Spacelab o r  placed ou t s ide  t h e  Shu t t l e  i n  f r e e  f l i g h t  and recovered l a t e r .  

Experiments may a l s o  be placed on p a l l e t s  o u t s i d e  

THE ROLE OF GRAVITY 

This  r e p o r t  d e a l s  almost e n t i r e l y  with t h e  r o l e  of  g r a v i t y  i n  t h e  
sc i ence  and technology of  materials processing i n  space.  
concluded t h a t  o t h e r  aspec ts  o f  t h e  space environment such as temperature,  
ambient vacuum, o r  r a d i a t i o n  e i t h e r  had no s i g n i f i c a n t  e f f e c t s  on mate- 
r i a l s  o r  t h e i r  e f f e c t s  could be dupl icated on ea r th .  
v e h i c l e s  such as sounding rockets  and t h e  Space S h u t t l e  o f f e r  access t o  
seve ra l  unusual environmental condi t ions,  t h e  aspec t  of primary i n t e r e s t  
i n  t h e  sc ience  and technology of mater ia l s  appeared t o  t h e  Committee t o  
be t h e  a v a i l a b i l i t y  of low e f f e c t i v e  g r a v i t a t i o n a l  a c c e l e r a t i o n  f o r  long 
per iods  of time. 
be approached and maintained has much t o  do with t h e  usefu lness  of a 
space f a c i l i t y  f o r  ma te r i a l s  processing. 

The Committee 

Although space 

The ex ten t  t o  which a condi t ion  of  zero g r a v i t y  can 

I n  consider ing t h e  p o s s i b l e  r o l e  of  a low-g environment i n  mate- 

As w i l l  be developed la ter ,  
r i a l s  sc i ence  and technology, t h e  Committee noted t h a t  t h e  inf luence  of 
g r a v i t y  i n  most phenomena is  wel l  known. 
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grav i ty  is ,  with r a r e  except ions,  an i n s i g n i f i c a n t  f o r c e  a t  atomic and 
molecular l e v e l s .  I t  is of no d i r e c t  consequence i n  phenomena such as 
molecular e x c i t a t i o n  and chemical r e a c t i o n  o r  on measurable p r o p e r t i e s  
of microscopic aggregates  of  atoms and molecules,  with one except ion.  
That exception occurs  nea r  phase - t r ans i t i on  c r i t i c a l  p o i n t s ,  where t h e  
behavior o f  mat te r  c o n s t i t u t e s  a f r o n t i e r  of phys ica l  s c i ence  and where 
the  physical  parameters may span the  whole of  micro, macro, and continuum 
phenomena. 
t o  mater ia l s  sc ience  and p o t e n t i a l l y  s i g n i f i c a n t  f o r  ma te r i a l s  process-  
i ng  on ea r th .  Phenomena near  c r i t i ca l  p o i n t s  may take minutes t o  hours 
t o  approach s t e a d y - s t a t e  condi t ions  and are l e g i t i m a t e  candidates  f o r  
s tudy  in  a sus t a ined  low-gravity environment. 

The impl ica t ions  o f  c r i t i c a l - p o i n t  phenomena are important 

The behavior o f  matter a t  a macroscopic s c a l e  -- t h e  scale a t  which 
s o l i d s ,  l i q u i d s ,  and gases appear t o  be continuous -- involves  g r a v i t y  
i n  ways t h a t  are well understood. 
under i t s  own weight o r  s t r e s s i n g  of  a l i q u i d  under i t s  own h y d r o s t a t i c  
pressure  involves  familiar mechanical behavior.  S imi l a r ly ,  phenomena 
involving d i f f e rences  i n  dens i ty  wi th in  f l u i d s  a r e  common. Although 
reducing g r a v i t y  may have some va lue  f o r  prevent ing sedimentat ion,  l i t t l e  
o r  nothing new of  s c i e n t i f i c  value i s  t o  be learned about t h e s e  e f f e c t s  
through experiments i n  a low-gravity environment. Nei ther  i s  t h e r e  a 
p r a c t i c a l  advantage i n  manipulating these  e f f e c t s  t h a t  cannot be achieved 
more simply and less expensively i n  earth-bound f a c i l i t i e s .  Other e f f e c t s  
of g rav i ty ,  e s p e c i a l l y  buoyancy-driven convection i n  f l u i d s ,  are less 
well understood, t h e  more s o  the  g r e a t e r  t he  number of f o r c e s ,  t r a n s p o r t  
processes,  hea t  and mass t r a n s f e r ,  chemical r eac t ions  and phase changes, 
s o l i d i f i c a t i o n ,  and c r y s t a l  l i  za t ion .  

For example, s t r e s s i n g  of  a s o l i d  

The magnitude of  t h e  g r a v i t y  vec to r  i s  not  as important as t h e  r a t i o  
of  t h e  buoyancy fo rce  it induces t o  viscous fo rces  always p re sen t  i n  
flowing f l u i d s ,  t o  i n e r t i a l  fo rces  and su r face  tens ion  o f t en  p resen t ,  
and t o  e lectromagnet ic  forces .  
t i o n  t o  g r a v i t y  t h a t  can be manipulated t o  reduce convection o r  avoid 
i t s  adverse e f f e c t s .  General ly ,  t h e  more complicated t h e  system, t h e  
fewer are  t h e  a l t e r n a t i v e s  t o  reducing g r a v i t y  when convection cannot 
be accommodated. 
ments involving convect ion.  

There may be seve ra l  v a r i a b l e s  i n  addi-  

Ingenui ty  of  design i s  an important f a c t o r  i n  exper i -  

One can thus  i d e n t i f y  a se t  of p o t e n t i a l  advantages f o r  experiments 

In  some cases ,  a continuous 
i n  a low-gravity environment. 
or  reduct ion o f  buoyancy-driven convection. 
reduct ion i s  t o  be expected. 
e x i s t  such t h a t  i f  a s u f f i c i e n t l y  low l e v e l  of  g r a v i t y  i s  achieved, t h e  
p r a c t i c a l  e f f e c t s  of  convection can be e l imina ted  a l toge the r .  
p o t e n t i a l  advantage l i es  i n  t h e  a b i l i t y  t o  t e s t  experimental ly  the  assump- 
t i o n s  necessary i n  t h e o r e t i c a l  models of i n h e r e n t l y  complicated systems 
and t o  determine which p r e d i c t i o n  of a theory  is  c o r r e c t  when t h e  model 

The most prominent of t hese  i s  e l imina t ion  

In  o t h e r s ,  a th re sho ld  phenomenon w i l l  

Another 
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gives more than  one. 
inc lude  reduct ion  o f  p a r t i c l e  s e t t l i n g  t h a t  otherwise arises from d e n s i t y  
d i f f e rences  and improvement i n  i s o l a t i o n  o f  samples by c o n t a i n e r l e s s  pro- 
cessing.  

Other advantages f o r  experiments i n  low g r a v i t y  

These cons ide ra t ions  depend on the degree t o  which t h e  g r a v i t a t i o n a l  
a c c e l e r a t i o n  can be e f f e c t i v e l y  reduced i n  an o r b i t i n g  space veh ic l e .  
A s  o f  t h i s  wr i t i ng ,  t he  l e v e l  of grav i ty  t o  which experiments w i l l  be  
subjec ted  i n  t h e  e a r l y  Space S h u t t l e  f l i g h t s  i s  uncer ta in .  
d a t a  and o t h e r  evidence i n d i c a t e  t h a t  i n  a low-drag a t t i t u d e ,  t h e  r e s u l -  
t a n t  a c c e l e r a t i o n  from atmospheric drag w i l l  be below g. Operat ional  
cons idera t ions  w i l l  l ead  t o  t h e  use of a veh icu la r  a t t i t u d e  t h a t  compro- 
mises between an o r i e n t a t i o n  al igned with t h e  e a r t h ' s  g r a v i t a t i o n a l  gra-  
d i e n t  and an o r i e n t a t i o n  f ixed  i n  i n e r t i a l  space. 
compromise w i l l  l ead  t o  an e f f e c t i v e  acce le ra t ion  of 10-f t o  g. O f  
probably g r e a t e r  importance, however, w i l l  be excursions i n  t h e  g r a v i t a -  
t i o n a l  f i e l d  wi th in  the  space veh ic l e  caused by movement of  t h e  crew and 
occas iona l  ope ra t ion  of  var ious  mechanical systems i n  t h e  c ra f t .  These 
excursions have no t  ye t  been s u f f i c i e n t l y  wel l  cha rac t e r i zed  i n  e i t h e r  
s i z e  o r  frequency. 
ments, e s p e c i a l l y  those  t h a t  depend on long i n t e r v a l s  a t  a s p e c i f i e d  low 
l e v e l  of  g rav i ty .  An improvement i n  the accuracy of  t h i s  information 
w i l l  be v i t a l  t o  t h e  development o f  fu ture  plans o f  would-be inves t iga -  
t o r s  both wi th in  and ou t s ide  NASA. 

Wind tunnel  

I t  ap e a r s  t h a t  t h i s  

They could well be l i m i t i n g  c r i t e r i a  f o r  some exper i -  

SOME GENERAL CONCLUSIONS 

The Committee concludes t h a t  prospects  f o r  us ing  t h e  space environ- 
ment f o r  research  and development on the process ing  o f  m a t e r i a l s  are 
l imi t ed  and need t o  be b e t t e r  def ined on a case-by-case bas i s .  The e a r l y  
NASA program f o r  processing materials i n  space has su f fe red  from some 
poorly conceived and designed experiments, o f t e n  done i n  crude appara tus ,  
from which weak conclusions were drawn and, i n  some cases ,  over-publ i -  
c ized.  Never the less ,  t h e r e  i s  opportunity f o r  meaningful s c i ence  and 
technology developed from experiments i n  space provided that probZems 
proposed for  invest igat ion i n  space have p o m  the outset  a sound base 
i n  terrestYia1 science o r  technology and that the proposed experiments 
address s c i e n t i f i c  o r  technical problems and are not motivated pY.imariZy 
t o  take advantage of f Z i g h t  opportunities or capahiZities of  space 
fac iZ i t i e s .  The Committee has no t  discovered any examples of economically 
j u s t i f i a b l e  processes  f o r  producing mater ia l s  i n  space and recommends t h a t  
t h i s  area of materials technology no t  b e  emphasized i n  NASA's  program. 

Low g r a v i t y  appears t o  o f f e r  c e r t a i n  c a p a b i l i t i e s .  These inc lude  
(but may n o t  be  l imi t ed  t o ) :  

t o  reduce o r  poss ib ly  e l imina te  buoyancy-driven n a t u r a l  
convect ion;  
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t o  reduce dens i ty  grad ien ts  t h a t  s eve re ly  affect c r i t i c a l -  
p o i n t  phenomena; 

t o  t e s t  experimental ly  t h e  assumptions necessary  i n  theo- 
r e t i ca l  models of inherent ly  complicated systems; 

t o  reduce t h e  s e t t l i n g  of par t ic les ;  o r  

t o  f a c i l i t a t e  l e v i t a t i o n  and i s o l a t i o n  of samples. 

The Committee be l i eves  t h e  ques t ion  of  whether t h e  Space S h u t t l e  
and Spacelab can be made use fu l  f a c i l i t i e s  f o r  s i g n i f i c a n t  materials re-  
search ,  development, and processing should be addressed by means of ex- 
periments c a r e f u l l y  chosen, taking i n t o  cons idera t ion  t h e  information 
i n  t h i s  r e p o r t .  The f a c i l i t i e s  should be developed, demonstrated,  and, 
l a te r ,  i f  t h e i r  u t i l i t y  i s  successfu l ly  demonstrated, made a v a i l a b l e  on 
a reimbursement b a s i s .  During development and demonstration (a  per iod  
o f  perhaps f i v e  o r  more yea r s ) ,  experiments should be funded by NASA. 
Development of  a v i a b l e  f a c i l i t y  i n  t h e  f i rs t  phase w i l l  r e q u i r e  c lose  
involvement o f  p o t e n t i a l  u se r s  and t h e  f u l l  cooperat ion o f  t h e  materials 
r e sea rch  community. If t h e  f i r s t  phase i s  success fu l ,  t h e  S h u t t l e  should 
assume t h e  charac te r  o f  a na t iona l  f a c i l i t y  comparable t o  a na t iona l  lab-  
o r a t o r y  and the  cos t  o f  i t s  operat ion should then  be paid f o r  by i ts  
users .  In  t h i s ,  t h e  second phase, t h e  r o l e  o f  NASA should be t o  maintain 
and manage t h e  f a c i l i t y ,  develop it  f u r t h e r ,  and make space and on board 
equipment a v a i l a b l e  f o r  r e n t .  

ORGANIZATION OF THIS REPORT 

Subsequent chapters  of t h i s  r e p o r t  desc r ibe  t h e  space environment 
as it a f f e c t s  materials processing, provide some examples o f  fundamental 
p rocesses  t h a t  may be a f f ec t ed  by t h e  space environment, and suggest  
c e r t a i n  t echn ica l  and management changes t o  make t h e  program more e f f e c -  
t i v e .  An appendix provides  information on experiments conducted t o  da t e .  
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THE ENVIRONMENT I N  NEAR-EARTH O R B I T  AND 

THE EFFECTS OF GRAVITY ON PHENOMENA I N  MATERIALS 

THE ENVIRONMENT IN NEAR-EARTH ORBIT 

Severa l  primary environmental parameters have magnitudes and d i r e c -  
t i o n s  i n  near -ear th  o r b i t  s i g n i f i c a n t l y  d i f f e r e n t  from those  on ea r th .  
Thei r  p o s s i b l e  inf luence  on t h e  r e s u l t s  o f  experiments i n  ma te r i a l s  
s c i ence  o r  materials process ing  should be  considered. 
temperature ,  p ressure ,  s o l a r  and cosmic r a d i a t i o n ,  and e l e c t r i c  and 
magnetic f i e l d s  -- a r e  r e a d i l y  i d e n t i f i a b l e .  They in f luence  s t a t i c  
and dynamic phenomena i n  materials and can g ive  r ise  t o  fo rces  o r  stresses 
on macroscopic bodies .  

Amb i en t A t  mos ph e r e  

Some -- g r a v i t y ,  

Both the  p re s su re  and composition of t h e  atmosphere vary  with a l t i -  

Tota l  p re s su res  range from 10-6 Torr  a t  low a l t i t u d e s  and 
tude and temperature  i n  the  region of space where t h e  S h u t t l e  w i l l  usu- 
a l l y  ope ra t e .  
high temperatures t o  10-9 Torr  a t  high a l t i t u d e s  and low temperatures.  
However, p ressures  at  the  low end of t h i s  range may not  be r e a l i z e d  
because o f  t h e  presence of gaseous species  emi t ted  by t h e  S h u t t l e  and 
i t s  payload; t h e  e f f e c t i v e  ambient gas p re s su re  w i l l  be a n i s o t r o p i c  
because the  S h u t t l e  w i l l  move a t  a ve loc i ty  o f  approximately 8 km/sec 
r e l a t i v e  t o  t h e  ambient atmosphere. 
w i l l  vary from l o 6  molecules/cm3 t o  l o 9  molecules/cm3, depending on 
t h e  S h u t t l e ’ s  opera t ing  a l t i t u d e  and the  exospheric  temperature.  In 
most ca ses ,  t h e  predominant chemical spec ies  i s  atomic oxygen, with 
H,  He, and N2 i n  var ious  proport ions making up only about 10 percent  
of  t h e  t o t a l .  
much more r ap id ly  with increas ing  a l t i t u d e  than  do those  o f  H and He, 
and t h e  concent ra t ion  o f  H atoms increases  with decreas ing  temperature.  
Thus, f o r  exampl t h e  d e n s i t i e s  of  0, H,  and He a r e  a l l  approximately 
l o 6  molecules/cm”at 500 km a l t i t u d e  and 600’K. A t  normal opera t ing  
a l t i t u d e s ,  t h e  S h u t t l e  w i l l  f l y  i n  the F2  l aye r  of t h e  ionosphere and 
t h e  d e n s i t y  of  ion-e lec t ron  p a i r s  w i l l  be about l o 5  t o  l o 6  pe r  cm3, 
with O+ as the  predominant ion.  

The t o t a l  dens i ty  of t he  atmosphere 

However, t h e  concentrat ions of  t h e  heavier  spec ie s  drop 
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Therma 1 Environment 

The temperature of  an object  i n  o r b i t  is  determined by r a d i a t i v e  
h e a t  exchange with t h e  sun, earth, and deep space as well as by t h e  
o b j e c t ' s  i n t e r n a l l y  generated heat.  Deep space subtends a l i t t l e  more 
than  h a l f  t h e  s p h e r i c a l  viewing angle  seen from a body i n  nea r -ea r th  
o r b i t  and acts as a hea t  s ink with u n i t  emis s iv i ty  and a temperature  
n e a r  O'K. 
and acts as a r a d i a t i n g  body with an average temperature  o f  254'K, pro- 
ducing an average thermal r a d i a t i o n  f l u x  of 237 watts/m2. 
t h e  exac t  amount o f  r a d i a t i o n  and i t s  e f f e c t i v e  temperature  vary l o c a l l y  
and i t s  spectrum d i f f e r s  i n  d e t a i l  from t h e  black body spectrum because 
o f  t h e  v a r i a b l e  s p e c t r a l  t ransmit tance of  t h e  atmosphere. 

The e a r t h  subtends the rest  of  t h e  s p h e r i c a l  viewing angle  

However, 

The s o l a r  cons tan t  a t  a d i s tance  of  1.0 as t ronomical  u n i t  i s  
1353 watts/m2; t h e  v a r i a t i o n  around t h e  e a r t h ' s  o r b i t  ranges between 
+4 .6  watts/m2 a t  p e r i h e l i o n  and -4 .4  watts/m2 a t  aphel ion.  
r a d i a n t  energy i s  i n  wavelengths longer  than 7300 angstroms. I n t e n s i -  
t i e s  a t  wavelengths of less than 2000 angstroms are about w a t t / m 2  
under q u i e t  condi t ions  t o  10-2 w a t t / m 2  during f lares .  

Most of t h e  

Magnetic and E l e c t r i c  F ie lds  

The e a r t h ' s  magnetic f i e l d  v a r i e s  i n  i n t e n s i t y  from 0.52 t o  
0.22 gauss between a l t i t u d e s  of 200 and 1000 km, and i t s  d i r e c t i o n  
changes from v e r t i c a l  over  t h e  magnetic po le s  t o  h o r i z o n t a l  a t  t h e  
magnetic equator .  The ambient e l e c t r i c  f i e l d  i n  nea r -ea r th  o r b i t  i s  
approximately -0.5 volt/m, bu t  the e l e c t r i c  f i e l d  i n  t h e  v i c i n i t y  of  
t h e  Space S h u t t l e  w i l l  be determined l a r g e l y  by complex v e h i c l e  charg- 
i n g  effects and i n t e r a c t i o n s  with t h e  ambient plasma. 

Radiat ion Environment 

A t  normal opera t ing  a l t i t u d e s ,  t h e  S h u t t l e ' s  r a d i a t i o n  environment 
w i l l  be  dominated by t h e  omnidirectional f l uxes  o f  e l e c t r o n s  and protons 
t rapped  i n  t h e  e a r t h ' s  magnetic f i e l d .  The f l u x  o f  e l e c t r o n s  with ener-  
g i e s  above 0.5 MeV w i l l  vary with a l t i t u d e  and l a t i t u d e  over  a range 
of t h e  o rde r  o f  l o 3  t o  106/cm2sec. Proton f l u x  w i l l  be  i n  t h e  range 
between 1 and 100/cm2sec f o r  energies above 34 MeV. 

THE INFLUENCE OF FACTORS OTHER THAN GRAVITY 

The vacuum e x i s t i n g  outs ide a spacec ra f t  i n  near -ear th  o r b i t  i s  
e a s i l y  reproduced o r  exceeded in f a c i l i t i e s  on e a r t h .  
based f a c i l i t i e s ,  however, goes up r a p i d l y  with inc reases  i n  chamber 
volume and pumping speed. 
t o  be  deployed ou t s ide  t h e  Space S h u t t l e ,  i n  t h e  wake of which would be 
a vacuum of  about 
reasonably provided on e a r t h .  The Committee has  n o t  looked i n  depth a t  
p o s s i b l e  uses  f o r  t h e  proposed s h i e l d .  

The c o s t  of e a r t h -  

I t  has been proposed t o  develop a large s h i e l d ,  

Torr  with h ighe r  pumping speed than  could be 
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The temperatures expected i n  near-ear th  o r b i t  do no t  d i f f e r  from 
those  achievable  on e a r t h .  
from t h e  temperature regime i n  near-ear th  o r b i t .  

The Committee saw no advantage t o  be expected 

While s o l a r  r a d i a t i o n ,  p a r t i c u i a r l y  t h e  u l t r a v i o l e t  component, 
affects materials, t h e  Committee concluded t h a t  effects  of s o l a r  r ad ia -  
t i o n  should n o t  be  expected t o  be  s i g n i f i c a n t  i n  processGzg materials 
i n  space.  
and t h e  rate of  dynamic processes  i n  so l id s .  
may be s i g n i f i c a n t  t o  ma te r i a l s  processing i s  ques t ionable .  
mittee d i d  n o t  explore  t h e  ma t t e r  i n  depth. 

Cosmic r ay  p a r t i c l e s  a r e  known t o  a l t e r  s t a t i c  p r o p e r t i e s  
Whether t h e s e  a l t e r a t i o n s  

The Com- 

I t  may be p o s s i b l e  i n  some spec ia l  cases t o  c a p i t a l i z e  on environ- 
mental condi t ions  e x i s t i n g  i n  t h e  immediate v i c i n i t y  of spacec ra f t  i n  
near -ear th  o r b i t .  
f o r  s o l a r  furnaces and electrical  power supp l i e s .  
be l i eves  t h a t  t h e  most u se fu l  proper ty  of t h e  space environment f o r  
materials research  i s  reduced e f f e c t i v e  g rav i ty .  

An example is t h e  p o s s i b i l i t y  of  us ing  s o l a r  r a d i a t i o n  
However, t h e  Committee 

OFFSETTING THE FORCE OF GRAVITY BY FREE FALL 

The f o r c e  of  g r a v i t y  can be o f f se t  by t h e  l i n e a r  a c c e l e r a t i o n  
of  f ree  f a l l  nea r  t h e  e a r t h ' s  sur face .  The d i s t a n c e  a v a i l a b l e  f o r  free 
f a l l  n e a r  t h e  e a r t h ' s  su r f ace  i s  l imited,  however, and t h e r e f o r e  t h e  
time a t  reduced g r a v i t y  is shor t .  
f ree- fa l l  time i s  about f i v e  seconds. Increas ing  t h e  d i s t a n c e  t o  one 
mile  by us ing  a borehole  would increase f ree- fa l l  time t o  about 18 sec-  
onds. For an a i r c r a f t  f l y i n g  a parabol ic  t r a j e c t o r y ,  p r a c t i c a l  l i m i -  
t a t i o n s  o f  speed and a l t i t u d e  r e s t r i c t  t h e  low-gravity pe r iod  t o  about 
25 seconds. 
terminated,  a f ree-fal l  condi t ion  can be achieved f o r  s e v e r a l  minutes. 

For example, i n  a 400-foot drop tower, 

In t y p i c a l  sounding rockets ,  a f t e r  t h e  launch t h r u s t  i s  

An o r b i t i n g  spacec ra f t  i s  unique because it can provide a condi t ion  
of  e s s e n t i a l l y  continuous free f a l l .  The f o r c e  of t h e  e a r t h ' s  g r a v i t y  
on a mass i n  a spacec ra f t  i n  a near-ear th  o r b i t  i s  only s l i g h t l y  less 
than  a t  t h e  e a r t h ' s  sur face .  The mass i n  o r b i t ,  however, experiences 
a f o r c e  owing t o  c e n t r i p e t a l  acce le ra t ion  t h a t  v i r t u a l l y  balances t h e  
e a r t h ' s  g r a v i t a t i o n a l  force.  Both gravi ty  and c e n t r i p e t a l  a c c e l e r a t i o n  
i n  effect  spr ing  from conservat ive f i e l d s  and depend on r a d i a l  d i s t a n c e  
i n  almost exac t ly  opposed ways. I n  o r b i t a l  f l i g h t ,  t h e i r  effects almost 
completely cancel.  

I n  near -ear th  o r b i t ,  however, a spacecraf t  experiences o t h e r  fo rces  
t h a t  determine how c l o s e l y  a f r e e - f a l l  o r  v i r t u a l  zero-g cond i t ion  can 
be a t t a i n e d .  
s p a c e c r a f t  through t h e  o u t e r  f r i n g e s  o f  t h e  e a r t h ' s  atmosphere. 
Johnson Space Center and Marshall Space F l i g h t  Center have provided 
estimates o f  acce le ra t ion  owing t o  drag and pe r tu rb ing  fo rces  f o r  a 

One such fo rce  is  drag a r i s i n g  from t h e  passage of t h e  
NASA's 
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t y p i c a l  S h u t t l e  f l i g h t  f o r  which t h e  primary mission is  materials pro-  
cessing.  On such a mission, it is expected t h a t  t he  Space S h u t t l e  w i l l  
be opera ted  i n  an a t t i t u d e  s t a b i l i z e d  by t h e  e a r t h ' s  g r a v i t y  g rad ien t ,  
with t h e  p lane  o f  t h e  spacecraf t  wings i n  t h e  o r b i t a l  plane and t h e  
nose po in t ing  outward from t h e  center  of  t h e  ea r th .  This o r i e n t a t i o n  
provides  minimum atmospheric drag f o r  t h e  grav i ty-gradien t  s t a b i l i z e d  
a t t i t u d e .  
- 3 ~ 1 0 - ~  g a t  170 km a l t i t u d e  t o  - 2 ~ 1 0 ' ~  g a t  560 km. 

Acce lera t ion  caused by d rag  i s  expected t o  range from 

The obla teness  of t h e  ea r th  and i r r e g u l a r i t i e s  i n  i t s  mass d i s t r i -  
bu t ion  w i l l  cause small per turba t ions  i n  t h e  S h u t t l e ' s  o r b i t .  Because 
t h e  S h u t t l e  w i l l  be  i n  a s t a t e  o f  f r e e  f a l l ,  t h e s e  p e r t u r b a t i o n s  w i l l  
no t  i n f luence  t h e  e f f e c t i v e  g rav i ty  a t  t h e  S h u t t l e ' s  c e n t e r  of mass. 
However, t h e  forces  of  cons t ra in t  t h a t  make every th ing  i n  t h e  S h u t t l e  
fol low t h e  same t r a j e c t o r y  7s the c e n t e r  of mass w i l l  produce accelera- 
t i o n s  o f  t h e  order  of  8x10' g per m t e r  o f  d i s t a n c e  from t h e  o r b i t a l  
pa th  o f  t h e  cen te r  of mass and 6x10-' g pe r  meter o f  s epa ra t ion  from 
t h e  c e n t e r  of  mass. 
same per iod  as t h e  o r b i t a l  motion. 

These acce le ra t ions  w i l l  b e  p e r i o d i c ,  with t h e  

O r b i t a l  s ta t ionkeeping  maneuvers w i l l  no t  be necessary  on missions 
devoted t o  materials processing experiments,  so t h e  only t h r u s t e r  f i r i n R s  
w i l l  be those  of  t h e  S h u t t l e ' s  a t t i t u d e  con t ro l  system. 
w i l l  produce r o t a t i o n  of  t he  spacecraf t  t h a t  w i l l  genera l ly  be o f  s h o r t  
du ra t ion ,  un le s s  a uniform r o t a t i o n  must be induced f o r  thermal  con t ro l .  
I t  i s  no t  y e t  clear whether minor torques  due t o  drag and g r a v i t y  effects 
w i l l  be small enough t o  permit an e n t i r e  mission t o  be flown i n  t h e  
g rav i ty -g rad ien t  mode without f i r i n g  a t t i t u d e  con t ro l  t h r u s t e r s ,  bu t  
NASA be l i eves  t h a t  use o f  t h rus t e r s  can be i n h i b i t e d  f o r  pe r iods  a t  
least  as long as a day. If desired,  a t t i t u d e  con t ro l  maneuvers can 
be l imi t ed  t o  f i r i n g s  of  t he  vern ier  engines.  For equipment i n  t h e  
Spacelab pressur ized  module, the r e s u l t i n g  acce le ra t ions  a r e  expected 
t o  range from 3 . 6 ~ 1 0 ' ~  g t o  4.4~10" g. 

These f i r i n g s  

Estimates o f  acce le ra t ions  from crew motions a re  based on extrapo-  
l a t i o n  o f  acce le ra t ions  measured as Skylab crew members made body move- 
ments whi le  a t tached  t o  t h e  spacecraf t  by va r ious  r e s t r a i n i n g  devices .  
Correc t ing  f o r  t h e  mass d i f fe rence  between Skylab and t h e  S h u t t l e  con- 
f igu red  f o r  a materials processing mission, t h e  n e t  e f f e c t  o f  crew 
motions i s  expected t o  be a random "acce lera t ion  noise"  d i s t r i b u t e d  
over  a frequency range roughly from 0.1 t o  10 Hz with peak amplitude 
n e a r  1 Hz. 
n o i s e  can probably be l imi t ed  t o  approximately 3 ~ 1 0 ' ~  g. When t h e  crew 
is a c t i v e ,  t h e  amplitude i s  l i k e l y  t o  be  about t e n  times as g r e a t ,  even 
wi th  precaut ions  t o  maintain a "quiet  ship." 

With t h e  crew asleep, t h e  amplitude of t h i s  background 

F i n a l l y ,  gas vent ing,  f l u i d  dumps, and opera t ion  o f  a f l a s h  evapora- 
t o r  (used t o  r e j e c t  h e a t )  are expected t o  produce acce le ra t ions  o f  t h e  
o rde r  of g. A l l  t he se  events can be scheduled and gas vent ing  
and f l u i d  dumps can be inh ib i t ed  f o r  per iods  o f  t h e  o rde r  o f  a day. 
Tine frequency with which t h e  f l a sh  evaporator  must be operated depends 
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on energy consumption. 
t o  be l a r g e  energy u s e r s ,  one would expect t h a t  t h e  evaporator  would 
be operated f a i r l y  o f t e n  on ma te r i a l s  processing missions.  

Since mater ia l s  processing experiments tend  

To p lan  and assess t h e  probable value of  experiments proposed t o  
take advantage o f  reduced g r a v i t y  i n  the Space S h u t t l e ,  it w i l l  be 
important t o  have information about background a c c e l e r a t i o n s  more accu- 
ra te  than  i s  c u r r e n t l y  ava i l ab le .  To i n t e r p r e t  r e s u l t s  of experiments 
a c t u a l l y  flown, it w i l l  be e s s e n t i a l  t o  have complete records  of t h e  
acce le ra t ion  h i s t o r y .  

Some of t h e  pe r tu rba t ions  i n  grav i ty  a s soc ia t ed  with t h e  S h u t t l e  
might be avoided by p lac ing  experiments ou t s ide  t h e  S h u t t l e  i n  free 
f l i g h t .  
ing  problems such as providing automation, adequate power, temperature  
s t a b i l i z a t i o n ,  and o the r  requirements without in t roducing  pe r tu rba t ions  
i n  g r a v i t y  t h a t  equal o r  exceed those in  t h e  Shu t t l e .  

Free- f ly ing  experiments,  however, w i l l  have t h e i r  own engineer- 

THE EFFECTS OF GRAVITY ON PHENOMENA IN MATERIALS 

When the  Committee began i t s  work, t h e  members found t h a t  many 
e f f e c t s  of  low g r a v i t y  on processing mater ia l s  had been suggested and 
provided motivat ion f o r  a number of experiments (see Appendix). The 
Committee decided a t  t h e  o u t s e t  t o  consider,  at  a fundamental l e v e l ,  
t h e  p o s s i b l e  e f f e c t s  of low g rav i ty  on ma te r i a l s  process ing  and phenomena. 
Documentation of  p r i o r  experiments and testimony by i n v e s t i g a t o r s  showed 
t h a t ,  with only a few except ions,  experiments have not  been s o  analyzed 
i n  t h e  p a s t .  I t  became apparent t h a t  the d i r e c t  effects of  g rav i ty  
are few and can be well understood. The Committee concluded t h a t  t h e  
unique f e a t u r e  of  a low-gravity environment i n  o r b i t  i s  t h a t  it can 
be maintained f o r  long per iods of time. 

In examining t h e  inf luence  of grav i ty ,  it i s  convenient t o  cons ider  
phenomena at  the  molecular l e v e l  and in  continuous matter. 

PHENOMENA AT THE MOLECULAR LEVEL 

The effect  of  g rav i ty  on atomic and molecular energy l e v e l s  i s  
n e g l i g i b l e ;  i n  t hese  domains, e l e c t r i c  and magnetic forces  overwhelmingly 
dominate. 
t he  j u s t i f i c a t i o n  is t h a t  good agreement between experiment and theory  
is  obtained.* The po in t  i s  well i l l u s t r a t e d  by the  hydrogen atom, f o r  

The g r a v i t a t i o n a l  f i e l d  is  neglected i n  a l l  c a l c u l a t i o n s ;  

* 
with hyper f ine  phenomena. See, f o r  example, Werner e t  a l .  'IObserva- 
t i o n  of  t h e  Phase S h i f t  o f  a Neutron Due t o  P recess ion  5 a Magnetic 
Field,"  Physics Review Le t t e r s  - 35: 1053 (1975). 

Exceptions occur  i n  c e r t a i n  spec ia l ized  resonance experiments dea l ing  
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which exqu i s i t e  agreement between experiment and theory  is  obta ined  with- 
out  taking i n t o  account t h e  e f f e c t s  of g rav i ty .  
i nd ica t e  t h a t  the  g r a v i t a t i o n a l  p o t e n t i a l  energy wi th in  t h e  hydrogen 
atom i s  o f  t h e  o rde r  o f  10-31 erg,  whereas t h e  e l e c t r i c  p o t e n t i a l  energy 
is  about erg.  Although t h e  energy l e v e l s  of l a r g e  atoms and mole- 
cu le s  a re  less p r e c i s e l y  known than those of  hydrogen, f o r  those  e n t i t i e s  
t h e  conclusion a l s o  holds  t h a t  t he  inf luence  o f  g r a v i t y  i s  n e g l i g i b l e .  
Thus, experiments a t  low g r a v i t y  w i l l  no t  show any d i s c e r n i b l e  e f f e c t  
on those l o c a l  p r o p e r t i e s  of continuous matter t h a t  depend on t h e  i n t e r -  
n a l  behavior of atoms and molecules. 

Rudimentary estimates 

The measurable p r o p e r t i e s  of  assemblies of  molecules i n  l i q u i d s  
and so l id s  experience thermal f l u c t u a t i o n s  t h a t  t o t a l l y  mask t h e  l o c a l  
e f f e c t  of grav i ty .  
t u r e  depends on a t  least  10,000 molecules. A t  t h i s  count,  thermal f l u c -  
t ua t ions  i n  t h e  proper ty  value a r e  1 percent  and t h e  g r a v i t a t i o n a l  
p o t e n t i a l  energy d i f f e r e n c e  across  t h e  molecular swarm is  on t h e  o rde r  
of e rg ,  whereas t h e  thermal f l u c t u a t i o n  energy a t  room temperature 
i s  a l i t t l e  more than e rg .  With t h e  except ion o f  c r i t i c a l  phe- 
nomena, discussed below, t h e  l o c a l  equi l ibr ium equat ions of  s ta te ,  l o c a l  
contact  angles ,  t r a n s p o r t  c o e f f i c i e n t s ,  and i n t r i n s i c  phase-transforma- 
t i o n  r a t e  cons tan ts  a r e  a l l  i n s e n s i t i v e  t o  g r a v i t a t i o n a l  f i e l d s ,  a t  
least  up t o  t h e  high f i e l d  s t r eng ths  t h a t  can be a t t a i n e d  with u l t r a -  
cen t r i fuga t ion .  

Typica l ly ,  a measured l o c a l  proper ty  such as tempera- 

AN EXCEPTION: PHENOMENA NEAR CRITICAL POINTS 

The except ion occurs  when phase - t r ans i t i on  c r i t i c a l  po in t s  a r e  
approached. In  a sense ,  a c r i t i c a l  po in t  may be considered a meeting 
p l ace  between phenomena a t  t h e  molecular l e v e l  and phenomena at  t h e  
continuum l e v e l .  Near a gas- l iqu id  c r i t i c a l  p o i n t ,  f o r  example, com- 
p r e s s i b i l i t y  i nc reases ,  t he  ord inary  h y d r o s t a t i c  a c t i o n  o f  g r a v i t y  pro- 
duces a s t rong  gradien t  i n  dens i ty ,  and, i n  a g r a v i t a t i o n a l  f i e l d ,  it 
becomes impossible t o  work with homogeneous ma te r i a l .  
o f  ce r t a in  o the r  kinds of  c r i t i c a l  po in t s  and it s e r i o u s l y  complicates 
s tudy of c r i t i c a l  phenomena. A s  a c r i t i ca l  po in t  i s  approached, t h e  
s izes  of t h e  molecular swarms t h a t  engage i n  thermal f l u c t u a t i o n s  grow 
s o  la rge  t h a t  t he  g r a v i t a t i o n a l  p o t e n t i a l  energy d i f f e r e n c e  across  a 
swarm becomes s i g n i f i c a n t .  Equations of s t a t e ,  t r a n s p o r t  c o e f f i c i e n t s ,  
and t ransformation rate cons tan ts  then  depend on g rav i ty  i n  ways t h a t  
are no t  f u l l y  understood. 

This  i s  a l s o  t r u e  

Time becomes an important parameter. The more c l o s e l y  a c r i t i c a l  
p o i n t  i s  approached, t he  slower a r e  t h e  t r a n s p o r t  processes  by which 
equi l ibr ium i s  a t t a ined .  Equ i l ib ra t ion  times i n  cent imeter -sca le  exper i -  
ments a re  t y p i c a l l y  hours.  
and t o  achieve compositional equi l ibr ium i n  multicomponent s o l u t i o n s  
may take days o r  longer.  
of c r i t i c a l  po in t s  i s  well understood, though they  are b a s i c a l l y  impor- 
t a n t  t o  mater ia l s  sc ience .  

Diffusion c o e f f i c i e n t s  tend toward zero 

None of  t he  dynamic processes  i n  v i c i n i t i e s  
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Thus, o f  molecular- level  phenomena, on ly  those  a s soc ia t ed  with 
c r i t i ca l  p o i n t s ,  p a r t i c u l a r l y  i n  f l u i d s ,  a r e  l i k e l y  t o  be a l t e r e d  de- 
t e c t a b l y  by a sus t a ined  low-gravity environment. Phenomena a t  t h e  molec- 
u l a r  l e v e l  are more l i k e l y  t o  be appreciably a l t e r e d  by t h e  sus t a ined  
h igh-gravi ty  environment i n  a centr i fuge.  A t  p resent  i t  is  no t  clear 
which approach holds  g r e a t e r  promise of d e f i n i t i v e  r e s u l t s .  
n a t i v e s  cha l lenge  expe r imen ta l i s t s .  Experiments on c r i t i c a l  phenomena 
a r e  appropr i a t e  t o  cons ider  f o r  t h e  Space S h u t t l e  and t h e  r e s u l t s  would 
be p o t e n t i a l l y  s i g n i f i c a n t  f o r  mater ia l s  process ing  on e a r t h .  

Both alter-  

PHENOMENA IN CONTINUOUS MATTER 

Examining t h e  effects  of  g rav i ty  on s o l i d s ,  l i q u i d s ,  and gases  a t  
v i s i b l e  scales, one f i n d s  a set of  primary e f f e c t s  t h a t  a r e  well under- 
s tood.  In  t h e  presence of  g rav i ty ,  mater ia l s  must have a support  o r  
conta iner  o r ,  i f  t hese  are t o  be avoided, some manner o f  l e v i t a t i o n ,  
pos i t i on ing ,  and containment. For  a supported s o l i d ,  a primary effect  
i s  s t r e s s i n g  of  ma te r i a l  under i t s  own weight. 
ogous e f f e c t  i s  h y d r o s t a t i c  pressure .  In materials process ing ,  t h e  ef-  
fect  most o f t e n  of consequence i s  t h e  ac t ion  o f  g r a v i t y  brought about 
by d e n s i t y  d i f f e rences .  This i s  t h e  phenomenon of  buoyancy. 

Within a f l u i d  t h e  ana l -  

The fo rce  of  buoyancy on submerged ma t t e r  i s  propor t iona l  t o  both 
t h e  f o r c e  of  g rav i ty  and t h e  d i f fe rence  i n  dens i ty  between t h a t  matter 
and t h e  surrounding f l u i d .  In  the  presence of  g r a v i t y ,  suspended par -  
t i c l e s  -- gas bubbles,  l i q u i d  drops,  s o l i d  p ieces  -- move downward i f  
they  are more dense and upward i f  they are less dense than  the  cont in-  
uous f l u i d .  Sedimentation of microscopic p a r t i c l e s  and macromolecules . 
occurs  i n  the  same way except t h a t  Brownian motions caused by molecular- 
l e v e l  f l u c t u a t i o n s  come i n t o  p lay ,  one consequence even a t  equi l ibr ium 
being a v e r t i c a l  concent ra t ion  gradient o f  such t i n y  p a r t i c l e s  when they 
d i f f e r  i n  dens i ty  from the  f l u i d .  

I f  mixing and d i f f u s i o n  do not homogenize them f i rs t ,  misc ib le  
but  non-uniform l i q u i d s  s t r a t i f y  upward i n t o  l aye r s  o f  success ive ly  
lower dens i ty .  
phases. Once they  reach these  s t a t e s ,  t h e  systems res is t  s t i r r i n g ;  
they are s t r a t i f i e d  s t a b l y  aga ins t  convection. 
l i v e r y  o f  hea t  o r  a low-density so lu te  t o  t h e  bottom o r  s i d e  o f  a f l u i d  
column keeps dens i ty  low there .  The r e s u l t  i s  usua l ly  a r i s i n g  cu r ren t  
of  t h e  low dens i ty  f l u i d ,  with a compensatory s inking  cu r ren t  of  t h e  
h igher  d e n s i t y  flui’d from above. 
be i n t e r m i t t e n t  o r  continuous,  steady o r  varying,  extremely weak o r  
q u i t e  s t rong ,  wel l  ordered o r  turbulen t ,  i s  c a l l e d  buoyancy-dfiven con- 
ve ction, density -gradi ent-driven convection, o r  natura I convection. 

Immiscible l i qu ids  sor t  out i n t o  a similar l aye r ing  o f  

On t h e  o t h e r  hand, de- 

This type  o f  c i r c u l a t i o n ,  which can 

Heating, cool ing,  l a t e n t  hea t  and r e a c t i o n  hea t  r e l e a s e  (or  absorp- 
t i o n ) ,  s o l u t e  exclusion,  and compositional g rad ien t s  are commonplace 
i n  melt  processing and vapor processing of ma te r i a l s .  
c i rcumstances,  t he  r e s u l t i n g  dens i ty  va r i a t io i i  i s  s t r i c t l y  v e r t i c a l  

In  except iona l  
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buoyancy force  vanishes ,  and t h e r e  i s  no n a t u r a l  convection. 
a l l y  i n  any g r a v i t a t i o n a l  f i e l d ,  buoyancy fo rce ,  which i s  well understood, 
i s  ac t iva ted  and i n  t u r n  genera tes  n a t u r a l  convect ive flow, which i s  
not  well understood, and var ious  secondary e f f e c t s .  O f  t hese ,  t h e  most 
important a r e  a l t e r e d  hea t  t r a n s f e r  and s o l u t e  r e d i s t r i b u t i o n .  How i m -  
por tan t  t h e s e  a l t e r a t i o n s  a r e  depends on many f a c t o r s .  In  a given pro-  
ces s ,  the secondary e f f e c t s  of  g r a v i t y  are sometimes b e n e f i c i a l ,  some- 
times n i l ,  sometimes d e l e t e r i o u s .  Often t h e i r  consequences are unknown 
because t h e  i n t e r a c t i o n s  of buoyancy f o r c e  with o t h e r  fo rces  i n  f l u i d s  
can be complicated and s u b t l e .  Buoyancy-driven convection i s  thought 
by some materials s c i e n t i s t s  t o  be cap r i c ious ,  untameable, gene ra l ly  
de l e t e r ious  and t h e r e f o r e  t o  be avoided, even by going t o  a low-gravity 
environment i f  poss ib l e .  
t l i n g  and sedimentation. 
f o r  many o f  t h e  p a s t  suggest ions f o r  low-gravity experiments -- sugges- 
t i o n s  t h a t  r e f l e c t  less than complete understanding of  t h e  p r i n c i p l e s  
of f l u i d  mechanics and convective t r a n s p o r t  processes .  However, as 
brought ou t  below, t h e r e  are classes o f  experiments proposed f o r  low 
g rav i ty  t h a t  can surv ive  s c r u t i n y  i n  t h e  l i g h t  of  t hese  and o t h e r  physi-  
cal  p r inc ip l e s .  

But gener- 

The same can be s a i d  o f  buoyancy-caused set-  
This viewpoint has provided t h e  motivat ion 

To summarize, t he  primary consequences o f  g r a v i t y  on ma te r i a l s  a t  
t h e  continuum leve l  a r e  

need f o r  suppor t ,  conta iner ,  o r  l e v i t a t i o n ;  
s t r e s s i n g  of s o l i d s ;  
hydros t a t i c  p re s su re  i n  f l u i d s ;  
s e t t l i n g  of p a r t i c l e s  f r e e l y  suspended i n  f l u i d s ;  
sedimentation of c o l l o i d s  and macromolecules; and 
buoyancy fo rce  i n  non-uniform f l u i d s .  

Each of t hese  e f f e c t s ,  being d i r e c t l y  propor t iona l  t o  t h e  magnitude of 
g rav i ty ,  can be reduced i n  propor t ion  t o  t h e  reduct ion  of  g rav i ty .  
ever ,  t o  a s ses s  t h e  va lue  of  low-gravity experimentation f o r  materials 
sc ience  and ma te r i a l s  processing,  it is  necessary t o  cons ider  t he  sec-  
ondary e f f e c t s  t h a t  g r a v i t y  exe r t s  on continuous matter through t h e s e  
primary e f f e c t s .  Most important a r e  t h e  consequences of  s e t t l i n g ,  s e d i -  
mentation, and buoyancy-driven convection and of reducing t h e s e  by low- 
e r i n g  gravi ty .  
f o r c e s  with which g r a v i t y  competes i n  f l u i d  systems, t h e  r e s u l t s  of con- 
vec t ion  when t h e  fo rces  move f l u i d ,  and t h e  p o s s i b i l i t i e s  f o r  c o n t r o l l i n g  
o r  e l imina t ing  convection. These cons idera t ions  lead  t o  t h e  i d e n t i f i c a -  
t i o n  of a l imi t ed  set  of  p o t e n t i a l  advantages of  low g r a v i t y ,  descr ibed  
i n  t h e  concluding s e c t i o n  of t h i s  chapter .  

How- 

These consequences are b e s t  understood i n  terms of t h e  

FORCES THAT V I E  WITH GRAVITY I N  FLUIDS 

Gravity acts i n  f l u i d s  through h y d r o s t a t i c  p re s su re  and, when den- 
s i t y  va r i e s  i n  c e r t a i n  ways, through buoyancy fo rce .  
i nen t  i n  moving l i q u i d s  and gases and i n  molding f l u i d  i n t e r f a c e s  are 

Other fo rces  prom- 
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pres su re  and viscous forces ,  sur face  tension f o r c e s ,  and i n e r t i a l  fo rces  
( acce le ra t ions  i n  d i sgu i se ,  i n  accord with Newton's second law). 
fo rces  sometimes important i n  materials process ing  are e l e c t r i c  and mag- 
ne t i c  f o r c e s  and fo rces  a r i s i n g  from acous t ic  and e lec t romagnet ic  r ad ia -  
t i o n  f i e l d s .  The importance of buoyancy depends no t  so  much on t h e  mag- 
n i tude  o f  g r a v i t y  as on t h e  r a t i o  of the buoyancy f o r c e  t o  each of  t h e  
o t h e r  fo rces  t h a t  are ac t ive .  Ind ica tors  o f  t hese  r a t i o s  are t h e  dimen- 
s i o n l e s s  numbers used i n  s i m i l a r i t y  ana lys i s ,  such as  Rayleigh number, 
Grashof number, and Bond number. 

Other 

To a l t e r  t h e  e f f e c t  of buoyancy, an a l t e r n a t i v e  t o  changing g r a v i t y  
o r  d e n s i t y  d i f f e rence  is  t o  inc rease  the s t r e n g t h  o f  one of  t h e  f o r c e s  
with which buoyancy v i e s .  
i n t e r n a l  f r i c t i o n  t h a t  cannot generate  flow bu t  i nva r i ab ly  resists it 
and o f t e n  r e d i r e c t s  it. If o the r  parameters remain cons tan t ,  v i scous  
fo rces  inc rease  with inc reas ing  v i s c o s i t y  and decreas ing  con ta ine r  s i z e .  
Other a l t e r n a t i v e s  are s u r f a c e  t ens ion  fo rces  and e lec t romagnet ic  fo rces .  
The former are s t rong  only i n  small systems, however, and t h e  l a t t e r  
o f t e n  c a r r y  l a r g e  s i d e  effects. 
only two o r  t h r e e  forces  are important and t h e  shape i s  h ighly  symmetric, 
t h e  effect  o f  buoyancy can be a l t e r e d  by changing not  g r a v i t y  but  another  
parameter i n  t h e  key r a t i o ,  a parameter such as v i s c o s i t y ,  con ta ine r  
s ize ,  o r  su r f ace  tens ion .  In t h i s  way, t h e  e f f e c t s  o f  sus t a ined  low- 
g r a v i t y  condi t ions  can be s imulated on e a r t h ,  as i n  c e r t a i n  n e u t r a l  buoy- 
ancy experiments and smal l - sca le  experiments with c a p i l l a r i t y  and o t h e r  
su r face - t ens ion  phenomena. 

Safes t  a r e  the viscous fo rces ,  a type of  

Nevertheless,  i n  simple cases  i n  which 

The p o s s i b i l i t i e s  f o r  accomplishing such a s imula t ion  diminish as 
t h e  number o f  fo rces  t h a t  are simultaneously important i nc reases  and 
as t h e  symmetry o f  t he  system decreases because no t  a l l  t he  p e r t i n e n t  
r a t i o s  can be sca l ed  throughout t he  system. 
t i o n ,  combustion, and sepa ra t ion  phenomena i n  which t h i s  i s  t h e  s i t u a -  
t i o n .  The next  chapter  provides examples t o  i l l u s t r a t e  some phenomena 
i n  continuous ma t t e r  t h a t  warrant cons idera t ion  f o r  low-gravity exper i -  
mentation. 

There are many s o l i d i f i c a -  

CONVECTION AND ITS EFFECTS I N  FLUIDS 

Convection i s  but  one cause o f  flow. A f l u i d  a t  rest i s  s e t  i n  
motion when condi t ions  on it  v i o l a t e  t h e  requirements of  s t a b l e  mechan- 
i ca l  equi l ibr ium. 
i so thermal  vapor iza t ion ,  mel t ing,  chemical r e a c t i o n ,  o r  e lectr ical  cur-  
r e n t  f low i n  t h e  presence o f  an imposed magnetic f i e l d  lead  t o  what i s  
c a l l e d  forced convection. 

Conditions such as shear  blending, mechanical pumping, 

In  a meniscus -- a gas- l iqu id  o r  l i q u i d - l i q u i d  i n t e r f a c e  -- t h e r e  
are a l s o  seve ra l  mechanisms t h a t  can cause convection. One of t hese  
i s  any v a r i a t i o n  o f  su r face  t ens ion  or i n t e r f a c i a l  t ens ion  along t h e  
meniscus. 
a t i o n s  of  t h e s e  p r o p e r t i e s  along t h e  meniscus cause tens ion  g rad ien t s .  
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Flow from a reg ion  o f  low t ens ion  toward a reg ion  of  h igher  t ens ion  
is r e fe r r ed  t o  as Marangoni flow. The motion t h a t  o r i g i n a t e s  i n  t h e  
meniscus i s  t r ansmi t t ed  t o  t h e  f l u i d s  on e i t h e r  s i d e  by v iscous  ac t ion .  
This  mechanism i s  as well understood as buoyancy. 
Marangoni convection can have are b a s i c a l l y  t h e  same as those  of  buoy- 
ancy-driven convection. 
however, i t  is usua l ly  overwhelmed by buoyancy-driven convection, ezcept 
i n  small systems, i n  small zones nea r  menisci  i n  l a r g e r  systems, o r  a t  
low gravi ty .  Order-of-magnitude estimates and computer s imula t ion  based 
on t h e  temperature dependence of  su r face  t ens ion  i n d i c a t e  t h a t  on e a r t h  
Marangoni flow can be important throughout l i q u i d  drops and zones one 
centimeter o r  less i n  diameter.  However, no t  enough d a t a  are a v a i l a b l e  
t o  assess  t h e  e f f e c t s  of t h e  composition dependence of  sur face  t ens ion ,  
which is known t o  t o t a l l y  a r r e s t  thermal ly  induced Marangoni flow i n  
c e r t a i n  circumstances.  

The secondary effects  

Even when Marangoni convect ion i s  p resen t ,  

Convection, whatever i t s  cause,  has two s i g n i f i c a n t  effects.  One 
is  t h e  e f f e c t  of viscous fo rces  and a l t e r e d  pressure  on f l u i d  boundaries.  
As  a r e s u l t ,  processes  a t  a s o l i d i f i c a t i o n  f r o n t  can be inf luenced and 
t h e  shape of  a meniscus a l t e r e d ,  even made uns tab le .  
is t o  a l t e r  t r a n s p o r t  o f  h e a t ,  cons t i t uen t  chemicals, charge,  and sus-  
pended p a r t i c l e s .  I f  convection i s  absent ,  t h e s e  q u a n t i t i e s  ( apa r t  from 
suspended p a r t i c l e s )  a r e  t ranspor ted  by d i f f u s i o n  processes  a lone.  Molec- 
u l a r  d i f fus ion  i s  r e l a t i v e l y  slow and t h e  concent ra t ion  f i e l d s  it sets  
up can e a s i l y  be a l t e r e d  g r e a t l y  by very  weak convection. 

The second e f f e c t  

Some proposals  f o r  materials process ing  experiments i n  space are 
based on t h e  effects of convection on d i f f u s i o n  regimes. Altered con- 
cen t r a t ion  d i s t r i b u t i o n  may be seen a t  shutdown o f  a batch sepa ra t ion  
process ,  o r  a t  t h e  d ischarge  o f  a continuous flow sepa ra to r ,  as i s  t h e  
case i n  p a r t i c l e  e l ec t rophores i s .  
a t  a s o l i d i f i c a t i o n  f r o n t  propagat ing i n t o  a l i q u i d  determines t h e  con- 
cen t r a t ion  o f  t he  f r eez ing  s o l i d .  
l i z a t i o n .  
cessing,  n a t u r a l  convection tends t o  be dependent on time, sometimes 
g iv ing  rise t o  lamellar flows, bu t  o f t e n  g iv ing  r i se  t o  flows t h a t  are 
chao t i c  o r  t u rbu len t .  In t h e  extreme, t h e  concent ra t ion  d i s t r i b u t i o n s  
approach uniformity again and sometimes t h i s  e f f e c t  o f  s t rong  convection 
i s  a boon. 

The a l t e r e d  concent ra t ion  d i s t r i b u t i o n  

Abundant examples e x i s t  i n  c r y s t a l -  
Under t h e  condi t ions  t h a t  o f t e n  p r e v a i l  during materials pro- 

The e f f e c t s  o f  convection most o f t e n  important i n  materials process-  
ing  a r e  those  t h a t  occur i n  what would otherwise be d i f f u s i o n  regimes. 
The r e l a t i v e  importance o f  convection and d i f f u s i o n  depends on t h e  con- 
vec t ive  v e l o c i t y  and t h e  concent ra t ion  o r  temperature  g rad ien t ,  t h e i r  
degree of alignment,  and t h e  d i f f u s i v i t y  o r  conduct iv i ty .  S imi l a r ly ,  
t he  e f f e c t s  of  convection on sedimentat ion regimes depend on t h e  convec- 
t i v e  ve loc i ty ,  t he  p a r t i c l e  concent ra t ion  g rad ien t ,  t h e  degree of a l i g n -  
ment between t h e  two, and the  s e t t l i n g  r a t e  o f  t h e  p a r t i c l e s .  
of t h e  e f f e c t s  of  t hese  parameters,  i n  t h e  context  o f  m a t e r i a l s  process-  
i ng  i n  a low-gravity environment, are presented  i n  t h e  next  chapter .  

Examples 
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IMPORTANCE OF CONVECTION I N  MATERIALS PROCESSING 

! 

The bulk of melt processing and vapor process ing  o f  what even tua l ly  
become s o l i d  m a t e r i a l s  involves  s u b s t a n t i a l  h e a t  r e l e a s e  a t  a s o l i d i f i -  
c a t i o n  f r o n t  o r  r e a c t i o n  f r o n t  -- t h a t  is, h e a t  release i n  a t h i n ,  more 
o r  less curved, s h e e t l i k e  zone through which t h e  phys ica l  o r  chemical 
s t a t e  changes abrupt ly .  
across  t h e  f ron t .  P a r t i t i o n i n g ,  s o l u t e  exc lus ion ,  and seg rega t ion  
dur ing  phase t ransformat ion  can a l s o  change composition across  t h e  f r o n t .  
Besides t h e s e  e f f e c t s ,  t h e r e  i s  usua l ly  an i n t r i n s i c  change i n  dens i ty ,  
most d rama t i ca l ly  i n  combustion reac t ions .  

Chemical reac t ion  g r e a t l y  changes composition 

Were it no t  f o r  t h i s  i n t r i n s i c  densi ty  change, it might be p o s s i b l e  
t o  dea l  with m a t e r i a l  t ransformat ion  processes t o t a l l y  free from convec- 
t i o n ,  inasmuch as a t ransformat ion  f ront  could then  propagate  through 
a material without inducing r e l a t i v e  motion between the  material ahead 
o f  and behind t h e  f r o n t .  The d e n s i t y  change d r i v e s  a type  o f  convection 
t h a t  i s  t h e  manifest  companion o f  s o l i d i f i c a t i o n ,  combustion, etc. Con- 
vec t ion  dr iven by d e n s i t y  d i f f e rences  cons i s t s  of a c c e l e r a t i o n  of ma te r i a l  
on one s i d e  of  t he  f r o n t  with r e spec t  to  t h a t  on t h e  o the r .  Ord ina r i ly ,  
t h i s  a c c e l e r a t i o n  i s  l o c a l l y  perpendicular  t o  t h e  f r o n t  i t s e l f  and thus  
r e f l e c t s  and con t r ibu te s  t o  curva ture  o f  t h e  f r o n t .  

If t h e  h e a t  release, dens i ty  change, and o t h e r  processes  tak ing  
p l ace  w i t h i n  t h e  f r o n t  allowed i t  t o  a t t a i n  and maintain a h igh ly  s p -  
metric shape -- i . e . ,  p l ana r ,  cy l ind r i ca l ,  o r  s p h e r i c a l ,  depending on 
whether t h e  f r o n t  i s  i n i t i a t e d  from a plane,  l i n e ,  o r  p o i n t  -- then t h e  
r e s u l t i n g  dens i ty  f i e l d  could sha re  the same symmetry and t h e  accompany- 
i n g  convection could be extremely simple ( i r r o t a t i o n a l  with s t r a i g h t  
s t r eaml ines ,  i n  f l u i d  mechanics terms). A l l  would be f u l l y  desc r ibab le  
i n  elementary mathematical terms. Indeed, t h e  most i n c i s i v e  and use fu l  
t h e o r i e s  of  s o l i d i f i c a t i o n ,  combustion, and similar processes  are f o r  
s i t u a t i o n s  with p l ana r ,  c y l i n d r i c a l  or  s p h e r i c a l  symmetry. O f  t hese ,  
only p l a n a r  symmetry f i t s  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  and admits 
t h e  p o s s i b i l i t y  of keeping convection ho r i zon ta l  and one-dimensional 
by means o f  s t a b l e  s t r a t i f i c a t i o n .  
ever.  
are o f  g r e a t e s t  i n t e r e s t ;  f o r  such processes ,  s t a b l e  s t r a t i f i c a t i o n  re-  
q u i r e s  t h a t  t h e  f r o n t  propagate  downward. In s o l i d i f i c a t i o n  and vapor 
depos i t i on ,  t h i s  requirement can be accommodated i n  p r i n c i p l e ,  bu t  i n  
combustion, material behind t h e  f r o n t  i s  f l u i d ,  r ece ives  hea t  from t h e  
front, and i s  thereby unstabZy s t r a t i f i e d ,  which can lead  t o  complicated 
buoyancy-driven convection. 
s eg rega t ion  a t  t h e  f r o n t  i s  as l i k e l y  t o  oppose as r e i n f o r c e  t h e  thermal ly  
caused d e n s i t y  grad ien t .  When t h e  compositional e f f e c t  opposes, it may 
a c t u a l l y  d e s t a b i l i z e  an apparent ly  s t ab le  d e n s i t y  s t r a t i f i c a t i o n  and 
l ead  t o  complicated buoyancy-driven convection. 
is inescapable:  any p l ana r  f r o n t  i n t e r s e c t s  t h e  walls of  t h e  conta iner  
and a t  t h a t . i n t e r s e c t i o n  the  f r o n t  moves r e l a t i v e  t o  t h e  wall, inducing 
a hydrodynamic bmiidary l aye r  i n  t h e  f l u i d  along t h e  wall. 
edge effect  i s  unavoidable. 

There a r e  t h r e e  d i f f i c u l t i e s ,  how- 
F i r s t ,  non-isothermal processes t h a t  release h e a t  at  the  f r o n t  

The second d i f f i c u l t y  i s  t h a t  compositional 

The t h i r d  d i f f i c u l t y  

A convect ive 
Thermal and k i n e t i c  edge effects a r e  a l s o  
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scarce ly  avoidable .  
bu t  are incompletely a s ses sed  i n  s o l i d i f i c a t i o n .  

They are known t o  be important i n  flame propagat ion 

Edge e f f e c t s  tend t o  prevent  p l ana r  and c y l i n d r i c a l  symmetries, 
bu t  they a r e  absent  from s p h e r i c a l l y  symmetric f r o n t a l  propagat ion.  
Thus, to  t e s t  the  b a s i c  phys ica l  t h e o r i e s  of c r y s t a l l i z a t i o n ,  burning, 
and other t ransformation processes ,  it is  d e s i r a b l e  t o  dev i se  experiments 
i n  which s p h e r i c a l  symmetry can be achieved. However, t h e  e a r t h ' s  g rav i -  
t a t i o n a l  f i e l d  i s  u n i d i r e c t i o n a l  on t h e  scale o f  l abora to ry  experimen- 
t a t i o n  and s o  the  consequences o f  buoyancy seve re ly  l i m i t  t h e  p o s s i b i l -  
i t i e s  o f  ach iev ing  s p h e r i c a l  symmeiry. Sometimes, however, t h e s e  con- 
sequences can be avoided i n  processes  t h a t  a r e  fas t  o r  occur  on a small 
scale, so t h a t  t h e  development time o f  buoyancy-driven convection i s  
long or t h e  flow s t r e n g t h  i s  small. 
be a t t a i n e d  by any p r a c t i c a b l e  means o f  reducing buoyancy o r  i t s  conse- 
quences a t  one g o r  i n  s h o r t  f r e e - f a l l  experiments,  i t  is  reasonable  
t o  consider going t o  a sus t a ined  low-gravity environment i n  order  t o  
t es t  experimentally t h e  assumptions inherent  i n  t h e  b a s i c  phys ica l  
t heo r i e s .  

When t h e  d e s i r e d  symmetry cannot 

I n  r e a l i t y ,  t h e  processes  wi th in  and around a t ransformat ion  f r o n t  
Rather,  non- o f t e n  do not allow it t o  assume a h ighly  symmetric shape. 

un i formi t ies  a long t h e  f r o n t  a r e  inherent  and they t e s s e l a t e  o r  jumble 
it, s t e a d i l y  i n  some cases, p e r i o d i c a l l y  i n  o t h e r s ,  c h a o t i c a l l y  i n  y e t  
o t h e r s .  General ly ,  t h e  non-uniformit ies  depend on t h e  ra te  o f  f r o n t a l  
advance; n o t  uncommonly they f i rs t  appear when t h e  ra te  exceeds a c r i t -  
i c a l  threshold s igna l ing  an i n s t a b i l i t y .  In  every case,  t h e  r e s u l t  i s  
dens i ty  g rad ien t s  t h a t  vary i n  d i r e c t i o n  i n  t h e  f l u i d  so  t h a t  s t a b l e  
s t r a t i f i c a t i o n  i n  t h e  e a r t h ' s  g rav i ty  i s  impossible.  Buoyancy-driven 
convection is  generated,  although i t  may be weak; o t h e r  fo rces  can re- 
duce but n o t  e l imina te  it t o t a l l y .  I ts  magnitude and i t s  consequences 
depend on time scales and length  s c a l e s  in f luenced  o r  con t ro l l ed  by 
fo rces  o the r  than  g rav i ty .  

To t e s t  t h e o r i e s  of  f r o n t a l  i n s t a b i l i t y  and non-uniformity,  it i s  

Yet at  reasonable  growth v e l o c i t i e s ,  t h e  needed tem- 
des i r ab le  t o  grow c r y s t a l s  a t  high r a t i o s  of  temperature  g rad ien t  t o  
growth ve loc i ty .  
pe ra tu re  g rad ien t s  are a d r i v i n g  fo rce  f o r  buoyancy-driven convection 
t h a t  leads t o  e i t h e r  non-uniform growth v e l o c i t i e s  o r  non-planar i n t e r -  
f aces .  
presence o f  l a r g e  temperature g rad ien t s  without convect ive d is turbances  
a t  t h e  s o l i d i f i c a t i o n  f r o n t .  L i k e w i s e ,  t o  probe, cha rac t e r i ze ,  and t e s t  
mathematical s imula t ions  o f  t y p i c a l l y  complex s o l i d i f i c a t i o n  and combus- 
t i o n  processes ,  it i s  d e s i r a b l e  t o  change t h e  magnitude o f  n a t u r a l  con- 
vect ion.  However, reducing buoyancy-driven convection can bare  o t h e r  
types of  convection i t  o r d i n a r i l y  masks, f o r  example, sur face- tens ion-  
dr iven  convection near  gas- l iqu id  and l i q u i d - l i q u i d  menisci .  

A low-gravity environment w i l l  al low low growth r a t e s  i n  t h e  

Materials processing can a l s o  involve p a r t i c l e s  suspended i n  f l u i d ,  
as i n  wel l - s t i r red  melt s o l i d i f i c a t i o n ,  i n  fuel-spray combustion, and 
i n  c e r t a i n  methods o f  b i o l o g i c a l  ce l l  s epa ra t ion  (e.g. ,  e l e c t r o p h o r e s i s ) .  

18 



There are many p o s s i b i l i t i e s ,  such as the use  o f  g e l s  o r  dens i ty-gradien t  
columns, f o r  reducing s e t t l i n g  o r  sedimentation, thereby d iminish ing  
t h e  r e s u l t i n g  dens i ty  g rad ien t s ,  t h e i r  i n t e r a c t i o n s  with d e s i r e d  convec- 
t i o n ,  and t h e i r  con t r ibu t ions  t o  unwanted buoyancy-driven convection. 
One p o s s i b i l i t y  is  t o  lower grav i ty .  

For c e r t a i n  s c i e n t i f i c  measurements and s p e c i a l  p rocess ing  of  mate- 
r i a l s ,  it i s  requi red  t o  hold a l i q u i d  o r ,  r a r e l y ,  a s o l i d  sample away 
from any con ta ine r  walls and t h e  various s o r t s  of  contamination and in -  
t e r f e r e n c e  t h a t  walls br ing .  
weight o f f s e t  by another  force :  e lectromagnet ic ,  aerodynamic, o r  acous- 
t i c .  Owing t o  s i d e  e f f e c t s  t h a t  involve s u r f a c e  t ens ion  as w e l l ,  t h e  
c a p a b i l i t y  of any one of t h e s e  a lone  i s  l imi t ed ;  t h e i r  use i n  combina- 
t i o n  has s c a r c e l y  been explored. However, a lone o r  i n  concer t ,  t h e s e  
fo rces  cannot be  brought t o  bear  on a l e v i t a t e d  l i q u i d  sample without  
causing e l ec t romagne t i ca l ly  dr iven o r  shear-dr iven convection. 
r e s u l t i n g  flow v e l o c i t i e s  are, f o r  a given v i s c o s i t y  l e v e l ,  roughly pro- 
p o r t i o n a l  t o  the  l e v i t a t i n g  f o r c e  and thus t o  t h e  weight o f  t h e  sample, 
which i n  t u r n  v a r i e s  as t h e  sample volume and d e n s i t y  and t h e  magnitude 
of  g rav i ty .  
bu t  t h i s  may merely uncover Marangoni convection from t h e  l i q u i d  meniscus 
t h a t  is n e c e s s a r i l y  present .  Moreover, s t r o n g  convection i s  sometimes 
wanted, f o r  example, dur ing  mixing of glass samples t o  achieve uniform 
composition and e l imina te  bubbles o r  during growth o f  semiconductor 
c r y s t a l s  t o  prevent r a d i a l  segregat ion of  a dopant. 

The sample must b e  l e v i t a t e d  wi th  i t s  

The 

One of  t he  ways o f  slowing convection is  t o  reduce g r a v i t y ,  

CONTROL OF CONVECTION I N  MATERIALS PROCESSING 

Many means of  c o n t r o l l i n g  convection are ev ident  from t h e  preceding 
d iscuss ion .  When convection i s  de le t e r ious ,  it can be reduced by r a i s i n g  
t h e  r e l a t i v e  importance of v i s c o s i t y ,  most r e a d i l y  by a l t e r i n g  t h e  con- 
f i g u r a t i o n  o r  reducing t h e  size of  the system. 
be opposed by applying a s t a t i c  magnetic f i e l d  t o  induce veloci ty-depen-  
dent  e lec t romagnet ic  damping fo rces .  However, such fo rces  seldom damp 
convection uniformly and, i f  flow occurs, are accompanied by ohmic hea t -  
i ng  t h a t  can compound t h e  d r iv ing  forces  f o r  convection. In  o t h e r  cases, 
t h e  f o r c e  d r iv ing  t h e  convection can be diminished o r  e l imina ted .  In  
t h e  case  o f  n a t u r a l  convection, t h e  underlying dens i ty  non-uniformity 
can r a r e l y  be  avoided, bu t  sometimes by equipment design and ope ra t ing  
procedure it can be organized i n t o  a stable s t r a t i f i c a t i o n  of  ho r i zon ta l  
f l u i d  l a y e r s  t h a t  can a c t u a l l y  e l iminate  buoyancy-driven convection. 
This  r e q u i r e s  a steady g r a v i t a t i o n a l  f i e l d  and s o  is impossible  i n  an 
o r b i t i n g  spacecraf t .  A r e l a t e d  scheme i s  t o  reduce t h e  consequences 
of  convect ion r a t h e r  than convection i t se l f ,  f o r  i n s t ance ,  by a l i g n i n g  
t h e  flow d i r e c t i o n  a t  nea r ly  r i g h t  angles t o  t h e  concent ra t ion  v a r i a t i o n  
i n  c r i t i c a l  p laces .  
n a t u r a l  convection o r  Marangoni convection, i s  d e l e t e r i o u s ,  it can i n  
some cases simply be buried i n  much s t ronger  forced convection t h a t  i s  
e a s i e r  t o  c h a r a c t e r i z e  and con t ro l .  

In some cases, it can 

I f  one p a r t i c u l a r  type o f  convection, f o r  example, 
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These means, among o t h e r s ,  have long been employed t o  cope wi th  
buoyancy phenomena t h a t  ar ise  from t h e  a c t i o n  of  g r a v i t y  i n  continuous 
mat te r .  But t he  more complex t h e  phys ica l  processes  involved, t h e  fewer 
opt ions  s c i e n t i s t s  and engineers  have f o r  c o n t r o l l i n g  buoyancy-driven 
convection throughout a system. Whether o r  n o t  it can be s a t i s f a c t o r i l y  
accommodated a t  one g o f t e n  depends on t h e  experimenter ' s  understanding 
and design ingenui ty ,  background and experience,  b readth  of view and 
motivation. When modi f ica t ion  o f  g r a v i t y  i s  ind ica t ed ,  a v a r i e t y  of 
means i s  ava i l ab le .  
f i e l d  (and accept ing f l u c t u a t i o n s  i n  i t s  magnitude and d i r e c t i o n )  by 
us ing  a cen t r i fuge  o r  decreasing t h e  f i e l d  by us ing  a drop tower, air- 
c r a f t ,  o r  rocke t  i n  f ree-fal l  t r a j e c t o r y  o r ,  f o r  longer  pe r iods ,  a 
spacecraf t  i n  o r b i t .  

They inc lude  inc reas ing  t h e  e f f e c t i v e  g r a v i t a t i o n a l  

POTENTIAL ADVANTAGES OF LOW GRAVITY 

On the  b a s i s  o f  t h e  information s e t  f o r t h  above, t h e  experimental  
c a p a b i l i t i e s  o f f e red  by a sus t a ined  low-gravity environment appear t o  
be t h e  following. 

The poss ib i l i t y  of reducing o r  pract ical ly  eliminating buoy- 
ancy-driven natural convection for  substantial  periods of 
t h e .  A s  has been shown, t h e r e  a re  many t echno log ica l ly  i m -  
po r t an t ,  s c i e n t i f i c a l l y  chal lenging processes  s u f f i c i e n t l y  
complex t h a t  t h e  e f f e c t s  of  buoyancy a r e  obscured o r  cannot 
be con t ro l l ed  independently of o t h e r  phenomena. 
these processes  be modeled mathematically without  numerous 
s implifying approximations t h a t  warrant  experimental  t e s t i n g .  
Especial ly  where n a t u r a l  convection i s  be l ieved  t o  be dele-  
t e r ious ,  experiments conducted i n  low g r a v i t y  may be of some 
use i n  making a process  more understandable  and i n  s t imu la t -  
ing earth-bound developments. 
other  convection phenomena t h a t  o r d i n a r i l y  are masked by 
na tu ra l  convection. 
having uniquely use fu l  p r o p e r t i e s  i n  such an experiment can- 
not  be excluded. 

Nor can 

Such experiments may r evea l  

The p o s s i b i l i t y  o f  ob ta in ing  a product  

The poss ib i l i t y  of t es t ing  experimentally the basic assump- 
tions necessary i n  theoretical models of systems i n  which 
complicated patterns of f h i d  density variat ion are inherent.  
There are fundamental phys ica l  p rocesses  such as s o l i d i f i c a -  
t i on  and combustion t h a t  couple t ransformat ion  and t r a n s p o r t  
phenomena and unavoidably genera te  bo th  d e n s i t y  g rad ien t s  
and densi ty-gradient-dr iven convection. Density g r a d i e n t s  
a r e  complicated i n  t h a t  they never  permi t  t o t a l  s t a b l e  s t ra t -  
i f i c a t i o n  a g a i n s t  buoyancy-driven n a t u r a l  convection i n  t h e  
e a r t h ' s  g rav i ty .  Natural  convection tends  t o  i n t e r f e r e  wi th  
planar ,  sphe r i ca l ,  o r  o t h e r  simple symmetries i n  those  ex- 
periments by which b a s i c  phys ica l  theory  can most i n c i s i v e l y  
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be t e s t e d  and d i r ec t ed .  
a s  i s  common of complex nonl inear  phenomena, theory  p r e d i c t s  
t h a t  a system may behave i n  more than one way. 
cumstances, ca re fu l  experiments i n  low g r a v i t y  can advance 
s c i e n t  i f  i c understanding. 

This i s  p a r t i c u l a r l y  important  when, 

In  these  cir-  

m e  poss ib i l i t y  of reducing or practically eliminating the 
se t t l ing  of part ic les  for substantial periods of t i m p .  

p o t e n t i a l  advantage a l s o  a r i s e s  from suppressing buoyancy 
phenomena. 
purposes.  

This  

I t  may be usefu l  f o r  s c i e n t i f i c  o r  technologica l  

The poss ib i l i t y  of levi tat ing and isolat ing larger samples 
f o r  containerZess processing. There a r e  proper ty  measure- 
ments and b a s i c  processes  f o r  which it i s  advantageous o r  
necessary t o  i s o l a t e  a l i q u i d  sample from con ta ine r  walls, 
and t h e r e  a r e  p r a c t i c a l  limits on sample s i z e s  t h a t  can be 
l e v i t a t e d  on e a r t h .  Furthermore, l e v i t a t i o n  i s  accompanied 
by convection. Low g r a v i t y  has the p o t e n t i a l  advantage of 
a l lowing l e v i t a t i o n  of l a r g e r  samples. This may be p a r t l y  
o f f s e t  by problems of pos i t ion ing  and manipulating t h e  Sam- 
p l e  i n  a f l u c t u a t i n g  background g r a v i t a t i o n a l  f i e l d  and, if 
a c o u s t i c  pos i t i on ing  i s  used, of contending with a surround- 
ing  gas.  
r ials having unique p rope r t i e s  by c o n t a i n e r l e s s  process ing  
i n  space. 

The p o s s i b i l i t y  e x i s t s  of ob ta in ing  exemplary mate- 
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INFLUENCES OF G R A V I T Y  ON M A T E R I A L S  P R O C E S S I N G  

The previous chapter  descr ibed the  elements o f  t h e  space environ- 
ment, p r i n c i p a l l y  t h e  v i r t u a l  absence of  g r a v i t y ,  t h a t  might affect  pro-  
cess ing  of  materials. 
d i scussed  i n  t h e  l i g h t  of t h i s  information, The Committee chose t o  em- 
phas ize  phenomena r a t h e r  than  c l a s s e s  of materials, i n  t h e  b e l i e f  t h a t  
t h i s  approach would be more manageable and use fu l  than  a ca t egor i ca l  re- 
view o f  materials. 
nomena, no tab ly  s o l i d i f i c a t i o n ,  e l ec t rophores i s ,  and combustion, and with 
c e r t a i n  process  methods such as conta iner less  and d rop le t  processing. 

In  t h i s  chapter ,  s e v e r a l  gene r i c  processes  are 

The s tudy therefore  d e a l t  with c e r t a i n  general  phe- 

SOL I D I F I CAT I ON 

S o l i d i f i c a t i o n  of  materials from the melt o r  s o l u t i o n  inva r i ab ly  
involves  convection, Fundamental study and a p p l i c a t i o n  of s o l i d i f i c a t i o n  
processes  t h e r e f o r e  r e q u i r e  an understanding o f  convect ive t r a n s p o r t  
of  mat te r .  
i n  o rde r  t o  produce b e t t e r  materials. This may be done by reducing con- 
vec t ion  or by producing a mode of convection s u f f i c i e n t l y  simple o r  reg- 
u l a r  t h a t  it may be cha rac t e r i zed  and cont ro l led .  

I t  may be necessary i n  c e r t a i n  cases  t o  con t ro l  convection 

The optimum would be t o  reduce f l u i d  flow t o  t h a t  r e l a t i v e  motion 
o f  phases  necessary t o  accommodate densi ty  changes on s o l i d i f i c a t i o n .  
For u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  with a s o l i d - l i q u i d  i n t e r f a c e  of  i n -  
v a r i a n t  shape,* such a flow would be a s p a t i a l l y  uniform l i n e a r  motion 
o f  t h e  l i q u i d  r e l a t i v e  t o  t h e  s o l i d .  Such a l i q u i d  could be descr ibed 
as a convec t ionless  system, provided one employs a r e fe rence  frame (per- 
haps not  t h e  l abora to ry  frame) i n  which t h e  l i q u i d  i s  a t  rest. 
c a t i o n  under t h e s e  idea l i zed  conditions,  which may be r e f e r r e d  t o  as 

S o l i d i f i -  

* 
would r e q u i r e  a r a d i a l  flow whose mamitude i s  i n v e r s e l y  propor t iona l  
t o  t h e  square of  t h e  r a d i a l  coordinate.  For more complicated and/or non- 
s t e a d y - s t a t e  s o l i d i f i c a t i o n ,  more complicated flows are necessary j u s t  
t o  accommodate dens i ty  d i f f e rences  between s o l i d  and l i q u i d .  

S o l i d i f i c a t i o n  o f  a sphere o f  constant  d e n s i t y  from an i n f i n i t e  medium 
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s o l i d i f i c a t i o n  under condi t ions  con t ro l l ed  only  by d i f f u s i o n ,  could pro- 
v i d e  a meeting ground f o r  theory  and experiment. 
i t a t i v e  comparison, provided edge effects could be made n e g l i g i b l e .  
i n  t u rn ,  could advance q u a n t i t a t i v e  understanding o f  t h e  s o l i d i f i c a t i o n  
process ,  c o n t r i b u t e  t o  t h e  measurement o f  b a s i c  material p r o p e r t i e s  such 
as d i s t r i b u t i o n  c o e f f i c i e n t s  and d i f f u s i o n  c o e f f i c i e n t s ,  and poss ib ly  
lead  t o  t h e  product ion of  more nea r ly  p e r f e c t  c r y s t a l s .  

This  would permit qua l -  
This ,  

Some ways t o  i n v e s t i g a t e  t h e  degree t o  which t h e s e  i d e a l i z e d  con- 
d i t i o n s  can be achieved i n  a c t u a l  systems are containment on e a r t h  i n  
f i n e  c a p i l l a r y  tubes  t o  promote s t rong  v iscous  damping; favorable  o r i en -  
t a t i o n  r e l a t i v e  t o  t h e  g r a v i t y  vec tor  t o  achieve s t a b l e  s t r a t i f i c a t i o n  
i n  t h e  f ace  o f  non-uniform dens i ty ;  e lec t romagnet ic  damping f o r  e l ec t r i -  
c a l l y  conducting melts  by a p p l i c a t i o n  o f  s t a t i c  magnetic f i e l d s ;  and re- 
duc t ion  o f  t h e  g r a v i t a t i o n a l  f i e l d  by achieving a s ta te  o f  f ree-fal l .  

Unidirect ional  s o l i d i f i c a t i o n  i n  f i n e  c a p i l l a r i e s  i s  an e f f e c t i v e  
means of reducing convection but  i s  not  without complications t h a t  arise 
because of  thermal and k i n e t i c  i n t e r f e r e n c e s  from t h e  walls; hydrodynamic 
boundary l a y e r  convection a t  t h e  wall; meniscus e f f e c t s  a s soc ia t ed  with 
t h e  so l id- l iqu id-conta iner  t r i p l e  j unc t ion ;  c a p i l l a r i t y  e f f e c t s  as t h e  
c a p i l l a r y  bore becomes small; and enhanced tendency f o r  contamination 
because of t he  l a r g e  surface-to-volume r a t i o .  

Favorable o r i e n t a t i o n  by s o l i d i f y i n g  e i t h e r  upward or downward t o  
achieve s t a b l e  conf igura t ions  i n  systems of  non-uniform d e n s i t y  i s  ef-  
f e c t i v e  f o r  p lane- f ront  growth and p r a c t i c a l  i f  t h e  favorable  d i r e c t i o n  
i s  upward. 
t h e  usual volume shr inkage accompanying t h e  l i q u i d - t o - s o l i d  t r a n s i t i o n  
w i l l  n e c e s s i t a t e  some s t ra tagem t o  maintain t h e  l i q u i d  i n  contac t  with 
t h e  so l id ,  which may s t i ck  t o  t h e  conta iner .  
o r i e n t a t i o n  may not  be s u f f i c i e n t l y  e f f e c t i v e  t o  achieve s t a b l e  config- 
u r a t i o n ,  Moreover, i f  t h e  g rad ien t  of more than  one f i e l d ,  such as a 
temperature and a composition, a f f e c t s  d e n s i t y ,  it may not  be p o s s i b l e  
t o  e l imina te  t h e  r e s u l t i n g  double d i f f u s i v e  i n s t a b i l i t i e s .  

I f  downward s o l i d i f i c a t i o n  is  necessary t o  reduce convection, 

For non-planar growth, 

. 

Use o f  e lec t romagnet ic  damping by a s t a t i c  magnetic f i e l d  i s  l i m i t e d  
t o  mater ia l s  t h a t  are f a i r l y  good e l e c t r i c a l  conductors ,  i f  t h e  s t r e n g t h  
o f  t h e  magnetic f i e l d  r equ i r ed  i s  t o  be  wi th in  p r a c t i c a l  l i m i t s .  
over ,  damping occurs  only f o r  f l u i d  motions perpendicular  t o  t h e  magnetic 
f i e l d .  
a t t a i n a b l e  magnetic f i e l d s .  
f i c u l t  and r equ i r e s  very  in t ense  f i e l d s .  
requirements and l a r g e  magnetic f i e l d s  may n e c e s s i t a t e  very small sample 
sizes.  
temperatures.  

More- 

I t  i s  f a i r l y  easy t o  damp r a p i d  random convection us ing  e a s i l y  
Damping of  laminar convection i s  more d i f -  

Compat ib i l i ty  between thermal 

In some cases, magnetic damping may be  impossible  a t  very high 

Reduction of  buoyancy-driven convection by going i n t o  a low-gravity 
environment i s  a t t r a c t i v e  because it could permit  working with r e l a t i v e l y  
l a r g e  samples, and one would n o t  be l i m i t e d  t o  e l e c t r i c a l l y  conducting 

24 



materials o r  t o  low-temperature systems. I t  i s  important  t o  note ,  how- 
ever ,  t h a t  convection w i l l  no t  be e n t i r e l y  e l imina ted  i n  low-gravity 
experiments,  no t  only because of t h e  inf luence  of  t h e  r e s i d u a l  g r a v i t y ,  
b u t  a l s o  because of  secondary d r iv ing  forces  such as s u r f a c e  t ens ion  
g rad ien t s  t h a t  g ive  r ise t o  Marangoni flow (as  explained i n  t h e  preceding 
chapter ) .  
t h a t  count heavi ly  on reduct ion  i n  convection be adequately supported 
and complemented by ground-based research as well as by experiments i n  
space s p e c i f i c a l l y  d i r e c t e d  at  t h e  study and demonstration of convect ive 
flows. 

I t  i s  p a r t i c u l a r l y  important,  then,  t h a t  experiments i n  space 

SPECIFIC EXAMPLES OF SOLIDIFICATION EXPERIMENTS 

Severa l  examples o f  types o f  s o l i d i f i c a t i o n  experiments t h a t  might 
be conducted i n  a low-gravity environment a r e  examined i n  t h i s  s e c t i o n ,  
The l i s t  i s  no t  intended t o  be  complete, b u t  r a t h e r  t o  i l l u s t r a t e  some 
o f  t h e  b a s i c  cons idera t ions  involved. 

Plane-Front Growth of  Single-phase Solids 

If  p lane- f ront  growth o f  single-phase s o l i d s  can be achieved under 
condi t ions  t h a t  s u f f i c i e n t l y  approximate d i f fus ion -con t ro l l ed  growth, 
it should be poss ib l e  t o  compare t h e  r e s u l t i n g  composition p r o f i l e  wi th  
t h a t  p red ic t ed  by one-dimensional theory. The segregated reg ion  of t h e  
l i q u i d  w i l l  be  a mass t r a n s f e r ,  o r  d i f fus ion ,  boundary l aye r*  ahead o f  
t h e  s o l i d - l i q u i d  i n t e r f a c e .  Resul ts  a re  l i k e l y  t o  permit de te rmina t ion  
o f  va lues  o f  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  l i q u i d  as well as equi l ibr ium 
and non-equilibrium values  o f  t h e  d i s t r i b u t i o n  coe f f i c i en t**  t h a t  de t e r -  
mines t h e  amount of  segrega t ion  on s o l i d i f i c a t i o n .  Product c r y s t a l s  are  
l i k e l y  t o  be more nea r ly  p e r f e c t  because of t h e  absence of  compositional 
banding caused by convection-induced temperature f l u c t u a t i o n s  and concom- 
i t a n t  f l u c t u a t i o n s  i n  growth rate. Some evidence t h a t  t h i s  i s  p o s s i b l e  
i s  provided by experiments us ing  indium antimonide on Skylab (Appendix, 
experiments M 560, M 5 6 2  and M 563), and us ing  germanium on Apollo-Soyuz 
(Appendix, experiments MA 060 and MA 150). 

Plane-Front Growth of Polyphase Sol ids  

Plane-front  growth of  composites from o f f - e u t e c t i c  mel ts  i s  a pos- 
s i b l e  candida te  f o r  space experiments. However, growth of  b inary  eu tec-  
t i c s  from l i q u i d s  of  exac t ly  e u t e c t i c  composition should not  be seve re ly  
a f f e c t e d  by convection because the  d i f fus ion  boundary l a y e r  i s  very small 
(of t h e  o rde r  of  t he  lamellar spacing) and i s  l i k e l y  t o  be well wi th in  

* O f  t h i ckness  of t h e  order  o f  D/V,  where D is t h e  i n t e r d i f f u s i o n  co- 
e f f i c i e n t  and V i s  t h e  growth veloci ty .  

* *  
t h e  l i q u i d  from which it f r eezes .  

The r a t i o  of t h e  concent ra t ion  i n  t h e  s o l i d  t o  t h e  concent ra t ion  i n  
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t h e  momentum boundary layer .  There might, neve r the l e s s ,  be b e n e f i t s  from 
reduct ion of growth-rate f l u c t u a t i o n s .  
from o f f - e u t e c t i c  melts o r  i n  t e r n a r y  systems, however, t h e  d i f f u s i o n  
boundary l a y e r  w i l l  be of  t h e  o rde r  of  D/V, as f o r  s ingle-phase materials, 
because long-range d i f f u s i v e  t r a n s p o r t  i s  requi red .  In  such cases, t h e  
low-gravity environment might lead  t o  important r e s u l t s  f o r  t h e  same 
reasons as f o r  s ingle-phase s o l i d s .  

For coupled growth of  composites 

Mixed Composites 

The p o s s i b i l i t y  o f  us ing  a low-gravity environment t o  produce uni-  
formly d ispersed  mixed composites having phases o f  d i f f e r e n t  dens i ty  
Seems a t  f i rs t  t o  be a t t r a c t i v e .  One might, f o r  example, a t tempt  t o  
s o l i d i f y  a system with a m i s c i b i l i t y  gap i n  t h e  l i q u i d  o r ,  a l t e r n a t i v e l y ,  
t o  mix p a r t i c l e s  o r  f i b e r s  of  s o l i d  wi th in  a l i q u i d  and s o l i d i f y  t h e  en- 
t i r e  mass. However, it appears t h a t  f o r  very small p a r t i c l e s ,  ea r th -  
based processing methods a r e  s u f f i c i e n t  because t h e  agglomeration of very  
small p a r t i c l e s  is  governed by Brownian motion and t h e r e f o r e  i s  no t  sub- 
s t a n t i a l l y  inf luenced by a g r a v i t a t i o n a l  f i e l d .  On e a r t h ,  l a r g e r  p a r t i -  
c l e s ,  f o r  which g r a v i t y  segrega t ion  i s  important ,  can be mixed with par -  
t i a l l y  s o l i d i f i e d  m a t e r i a l s ,  thereby r e s t r i c t i n g  segrega t ion  i n  t h e  
s o l i d .  Furthermore, t h e r e  e x i s t  immiscible l i q u i d s  wi th  i s o d e n s i t y  t h a t  
can be s tud ied  on e a r t h  t o  gain fundamental knowledge. 
conclusion is  t h a t  space processing o f f e r s  no advantages i n  t h i s  area. 

The Committee's 

Large Mono-Disperse Particles 

If l a r g e  mono-disperse p a r t i c l e s  could be prepared i n  q u a n t i t y ,  
they would have important  uses.  Thei r  p repa ra t ion  on e a r t h  i s  impeded 
by sedimentation. In a low-gravity environment, t h e  absence of  s t rong  
convective flow may permit i s o t r o p i c  and homogeneous growth of  nuc lea ted  
mono-disperse p a r t i c l e s  throughout t h e  volume o f  t h e  l i q u i d  l a t e x  from 
which they a r e  made. I t  may t h e r e f o r e  be use fu l  t o  explore  the  poss i -  
b i l i t y  o f  p repar ing  l a r g e  mono-disperse p a r t i c l e s  by experiments i n  space. 

Non-Planar Growth 

S i tua t ions  i n  which the  s o l i d - l i q u i d  i n t e r f a c e  is non-planar ( c e l -  
l u l a r  o r  d e n d r i t i c )  are so d i f f i c u l t  t o  analyze t h a t  t o  d a t e  a l l  known 
t h e o r e t i c a l  s o l u t i o n s  p e r t a i n  only t o  condi t ions  where d i f f u s i o n  predom- 
i n a t e s .  For these  complex growth forms, convection on e a r t h  i s  mul t i -  
d i r e c t i o n a l  and hence d i f f i c u l t  t o  eliminate by o r i e n t a t i o n  r e l a t i v e  t o  
g r a v i t y  o r  appl . icat ion o f  a magnetic f i e l d .  
i n  fundamental understanding o f  t h e s e  complex growth forms, it would be 
use fu l  t o  make measurements a t  low g r a v i t y  o f  d e n d r i t i c  and c e l l u l a r  
growth r a t e s  and shapes us ing  a low-gravity environment t o  reduce con- 
vec t  i cn .  

Because t h e r e  are many gaps 
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CONTAINERLESS PROCESSING 

Avoidance of a con ta ine r  may be an important  f a c t o r  i n  process ing  
of  materials. Harmful e f f e c t s  associated with con ta ine r s  may inc lude  
chemical contamination o f  t he  melt, s t r u c t u r a l  contamination o f  t h e  melt 
(e.g., c r y s t a l  n u c l e i ) ,  and l i m i t a t i o n  on t h e  chemical environment o r  
t h e  temperature  t o  which t h e  melt can be taken. 

I s o l a t i o n  o f  materials i n  terrestrial work i s  commonly achieved by 
l e v i t a t i o n .  Several  techniques f o r  l e v i t a t i n g  small melts have been 
developed t o  some degree.  
l e v i t a t i o n ,  which has been successfu l ly  used f o r  small melts of e l e c -  
t r i c a l l y  conducting materials. 
l e v i t a t i n g  f o r c e  i s  inhe ren t ly  coupled with hea t ing  s o  t h a t  independent .  
con t ro l  o f  t h e s e  parameters i s  not  poss ib le .  Other techniques f o r  l e v i -  
t a t i n g  l i q u i d s  i n  t h e  presence of  grav i ty ,  no t  confined t o  e l e c t r i c a l l y  
conducting materials, inc lude  the  use of a c o u s t i c  s tanding  waves and of 
gas streams. In a l l  earth-based techniques,  t h e r e  i s  i n  p r a c t i c e  an 
upper l i m i t  t o  t h e  s i ze  of  mel ts  t h a t  can be l e v i t a t e d .  
o f  l e v i t a t i o n  may be eased by recourse t o  a low-gravity environment. 
The low g r a v i t y  achievable  i n  o r b i t i n g  spacec ra f t  w i l l  s t i l l  s u b j e c t  
materials t o  small f o r c e s ,  as described i n  t h e  preceding chapter .  Some 
modest pos i t i on ing  fo rce ,  e i t h e r  e lectromagnet ic ,  acous t i c ,  o r  aerody- 
namic, w i l l  o f t e n  have t o  be appl ied.  

O f  these ,  the b e s t  known i s  e lec t romagnet ic  

Disadvantages inc lude  the  f a c t  t h a t  t h e  

The problems 

The fol lowing d iscuss ion  of  conta iner less  processing,  while  n o t  
comprehensive, inc ludes  some of  t h e  uses t h a t  have come t o  t h e  a t t e n t i o n  
o f  t h e  Committee. 

Prepara t ion  of Glasses and Ceramics 

Glass melts are h igh ly  r e a c t i v e  materials. They react somewhat 
wi th  v i r t u a l l y  any con ta ine r ,  s l i g h t l y  wi th  most m a t e r i a l s ,  bu t  sometimes 
apprec iab ly  i n  t h e  case of  s i l i c a t e  g lasses ,  even wi th  platinum. 
degree o f  r e a c t i o n  and subsequent contamination i s  s u f f i c i e n t l y  small t o  
be t o l e r a b l e  f o r  ord inary  commercial glasses. However, s p e c i a l  appl ica-  
t i o n s ,  such as high-power l a s e r  systems f o r  fus ion  experiments,  r e q u i r e  
glasses wi th  very low l e v e l s  of  contamination. The use of c o n t a i n e r l e s s  
methods, a t  l eas t  t o  obta in  exemplary g l a s ses  f o r  research ,  has  some 
value and may b e n e f i t  from a low-gravity approach. 

The 
. 

Glasses are  formed when t h e  cooling r a t e  o f  t h e  melt i s  s u f f i c i e n t l y  
r ap id  t o  prevent  apprec iab le  nucleat ion and c r y s t a l  growth. Uhlmann" 
has given a t h e o r e t i c a l  t reatment  for  one-component g l a s ses  and shown 
how t o  prepare  temperature-time t ransformation curves t h a t  show t h e  time 
requ i r ed  a t  a chosen temperature f o r  homogeneous nuc lea t ion  and growth 

* D. R. LJhlmann, I I A  Kine t ic  Treatment of Glass Formation." Journa l  of 
Noncrys ta l l ine  So l ids  7(1972) : 337-378. - 
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t o  produce a given small f r a c t i o n  of c r y s t a l l i n e  phase. 
Weinberg* have ca l cu la t ed  t ransformat ion  t imes f o r  laser  g l a s s  composi- 
t i o n s  with high CaO content .  These g l a s s e s  are d e s i r a b l e  f o r  t h e i r  i n -  
creased l a s e r  e f f i c i e n c y  but  they  cannot now be made on e a r t h  because 
t h e  high CaO conten t  causes them t o  nuc lea t e  heterogeneously by contac t  
wi th  the conta iner .  
below the  melt ing po in t .  If  heterogeneous nuc lea t ion  can be avoided by 
con ta ine r l e s s  processing,  new families of g l a s s e s  with d e s i r a b l e  proper- 
t i e s  could advance o p t i c a l  technology. 

Neilson and 

Crys t a l  growth then  occurs  a t  a h igh  ra te  j u s t  

Ceramics must be  prepared by s i n t e r i n g  a t  such high temperatures  
t h a t  they are almost i nva r i ab ly  contaminated by t h e  con ta ine r  i n  which 
they  a re  made. 
oppor tuni t ies  f o r  t h e  p repa ra t ion  of  high-puri ty  ceramics. 

Conta iner less  process ing  may o f f e r  va luable  research  

Thermodynamics and Kine t ics  

Knowledge of  high-temperature thermodynamics and chemical k i n e t i c s  
i s  fundamental t o  t h e  design o f  high-temperature materials processes .  
S tudies  o f  r e a c t i v e  l i q u i d s  a t  high temperatures  have been l imi t ed  by 
contamination from t h e  conta iner .  
f o r  many ma te r i a l s  inc lude  e n t h a l p i e s ,  s p e c i f i c  h e a t s ,  h e a t s  o f  fu s ion ,  
and d e n s i t i e s .  

Thermodynamic q u a n t i t i e s  no t  now known 

Substances of  i n t e r e s t  f o r  con ta ine r l e s s  thermodynamics s t u d i e s  in -  
c lude  v i r t u a l l y  every l i q u i d  above approximately 1000°C. This  inc ludes  
even e l e c t r i c a l l y  conducting l i q u i d s  t h a t  have been s tud ied  t o  some ex- 
t e n t  using e lec t romagnet ic  l e v i t a t i o n  because t h e  s t u d i e s  have been ham- 
pered by t h e  f a c t  t h a t  temperature  cannot be c o n t r o l l e d  independently 
of  t h e  l e v i t a t i n g  force .  Such s t u d i e s  sys t ema t i ca l ly  c a r r i e d  out  over 
a wide range o f  temperatures have not  gene ra l ly  been poss ib l e .  
o f  substances awai t ing  good thermodynamic measurement a t  high tempera- 
t u r e s  include pure s i l i c o n  and r e f r a c t o r y  oxides ,  s u l f a t e s ,  carb ides ,  
and n i t r i d e s .  
niques f o r  r e a c t i v e  melts could be very use fu l  f o r  t h e  de te rmina t ion  of 
h i  gh - t emp erat u re  ph as e equi  1 i b ri a. 

Examples 

Development o f  con ta ine r l e s s  hea t ing  and l e v i t a t i o n  tech-  

P u r i f i c a t i o n  o f  Mater ia l s  

In add i t ion  t o  t h e  use of con ta ine r l e s s  process ing  t o  avoid con- 
tamination, t h e r e  i s  t h e  p o s s i b i l i t y  o f  us ing  con ta ine r l e s s  process ing  
f o r  p u r i f i c a t i o n .  P u r i f i c a t i o n  with r e spec t  t o  elements more v o l a t i l e  
than  the h o s t  material can, i n  p r i n c i p l e ,  be done by simple evaporat ion,  
provided t h e  melt i s  s t i r r e d .  The theory  has  been developed i n  d e t a i l  

* 
Host Glass ." G. F. Neilson and M. C. Weinberg, "Outer Space Formation of a Laser 

Journa l  of Noncrys ta l l ine  So l ids  23(1977) :43-58. - 
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and inc ludes  t h e  c a p a b i l i t y  t o  dea l  with systems undergoing r e a c t i o n  
while  evapora t ing ,  * 

BIOLOGICAL SEPARATIONS AND ELECTROPHORESIS 

Cells o f  l i v i n g  organisms and macromolecules a s soc ia t ed  with bio-  
l o g i c a l  processes  almost always occur  in  complex a r r ays  i n  mixtures  and 
i n  t h e  presence o f  water and a v i r t u a l  i n f i n i t y  o f  small molecules and 
ions .  
t hese  cel ls  and macromolecules depend on adequate sepa ra t ion  of  t h e  
spec ie s  of i n t e r e s t  from o t h e r  species ,  The c h a r a c t e r i z a t i o n  of plasma 
p r o t e i n s  by T i s e l i u s  i n  t h e  1930s, for  example, hinged on t h e  discovery 
of  a method, termed eZectrophoresi8, f o r  d i s c r e t e  s epa ra t ion  o f  t h e s e  
molecules. E lec t rophores i s  i s  based on t h e  motion o f  charged p a r t i c l e s  
i n  a f l u i d  under t h e  inf luence  of  an appl ied e l ec t r i c  f i e l d .  
o f  components of a mixture r e s u l t s  from d i f f e rences  i n  t h e  e l e c t r i c  
charge and t h e  s ize  of t h e  p a r t i c l e s  t h a t  produce d i f fe rences  i n  t h e  
mob i l i t y  of  macro-ions. 
t o  a number of problems i n  t h e  separat ion of  c e l l s  and macromolecules. 
For reasons  o u t l i n e d  below, some inves t iga to r s  b e l i e v e  a low-gravity 
environment has  p o t e n t i a l  b e n e f i t  t o  e lec t rophores i s .  
p o s s i b l e  use  o f  space f a c i l i t i e s  had aroused some expec ta t ions  f o r  pro- 
g r e s s  i n  medicine, t h e  Committee considered a t  some length  b i o l o g i c a l  
s epa ra t ions  and c e l l  e l ec t rophores i s ,  

Many s t u d i e s  o f  t h e  i d e n t i t i e s ,  s t r u c t u r e s ,  and p r o p e r t i e s  of  

Separat ion 

Electrophoresis  has  been app l i ed  over  t h e  yea r s  

Because t h i s  

In  t h e  presence of t h e  e a r t h ' s  g rav i ty ,  e l e c t r o p h o r e t i c  forces  are 
Suppression of  convection i s  usua l ly  achieved d i s tu rbed  by convection. 

i n  t e r r e s t r i a l  appara tus  by constraining t h e  i n t e r n a l  r ad ius  o r  th ickness  
o f  t h e  sepa ra t ion  appara tus ,  bu t  then t h e  processing ra te  is  a l s o  l imi ted .  
In some appara tus ,  r e s o l u t i o n  can be increased by r a i s i n g  t h e  vol tage  
g rad ien t ,  bu t  j o u l e  hea t ing  from t h e  passage o f  cu r ren t  then inc reases  
t h e  problem of  thermal convection, This h e a t i n g  problem i s  commonly 
countered by r e s t r i c t i n g  the  i o n i c  concentrat ion i n  t h e  sample so lu t ion ,  
bu t  f o r  so lu t ions  conta in ing  l i v i n g  c e l l s ,  such i o n i c  concent ra t ions  
usua l ly  are undes i rab ly  low f o r  maintenance o f  phys io logic  a c t i v i t y .  

E labora t ions  of  apparatus  design o r  ope ra t ion  have been invoked t o  
suppress  convection o r  sedimentation. Some of  t h e s e  arrangements have 
been used, o t h e r s  have so  f a r  only been hypothesized. In  t h e  absence 
o f  ex tens ive  ana lys i s  of  e l ec t rophore t i c  flow, experimenters have pro- 
ceeded, o f t en  with g r e a t  ingenui ty ,  t o  design around t h e  d i f f i c u l t i e s  
a r i s i n g  from t h e  b a s i c  cons t r a in t s .  
been made bu t ,  t o  t h e  b e s t  o f  t h e  Committee's a b i l i t y  t o  determine, 
e l e c t r o p h o r e t i c  apparatus  f o r  use on ea r th  has  not  y e t  been optimized. 

Certain compromises have knowingly 

* R. C .  Paule,  "Calculat ion o f  Complex E q u i l i b r i a  Involving Vaporiza- 
t i o n  i n t o  V B C U L ~ I T I . ~ ~  High Temperature Science - 6(1974) :267-275, 
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U t i l i t y  o f  t h e  Space Environment 

Some i n v e s t i g a t o r s  claim t h a t  e l imina t ion  of convect ion w i l l  lift 
t h e  r e s t r i c t i o n  on t h e  dimensions of  t h e  chamber and permit use of wider 
chambers with increased  product ion rates. 
freedom from convection would permit use  of a smal le r  vo l t age  g rad ien t  
and the re fo re  use of s o l u t i o n s  of high conduct iv i ty ,  approximating phys- 
i o log ica l  t o n i c i t y .  However, t h e  r e so lv ing  power of e x i s t i n g  e l e c t r o -  
phoresis  apparatus  on e a r t h  appears t o  be g r e a t e r  than t h a t  needed t o  
separa te  t h e  c e l l  mixtures a l ready  known. 
ra te ,  some i n v e s t i g a t o r s  consul ted by t h e  Committee p red ic t ed  enhancement 
f a c t o r s  o f  30 t o  100 i n  a low-gravity environment. 
no t  had t h e  b e n e f i t  o f  much t h e o r e t i c a l  o r  experimental  support .  More- 
over ,  the es t imate  i s  i n  d i spu te ;  maximum enhancement i n  space by a fac-  
t o r  of  two o r  t h r e e  appeared t o  o the r s  t o  be more l i k e l y .  

For sepa ra t ion  of l i v i n g  ce l l s ,  

On t h e  sub jec t  of  product ion 

These f i g u r e s  have 

The uses  of t e r r e s t r i a l  e l ec t rophores i s  i n  non-rout ine sepa ra t ions  
have not y e t  been s u f f i c i e n t l y  explored t o  provide t h e  proper  b a s i s  f o r  
i nves t iga t ions  i n  low g rav i ty .  The r e s u l t s  of e a r l i e r  experiments i n  
e lec t rophores i s  i n  space (see Appendix) are tenuous and the  Committee 
considers i t  important t h a t  t he  e f f e c t s  of varying s i g n i f i c a n t  parameters 
i n  e l ec t rophore t i c  systems be inves t iga t ed  by ear th-based s tud ie s .  The 
objec t ive  of learn ing  more about how e l ec t rophores i s  apparatus  should 
be designed and how g r a v i t y  may a f f e c t  t he  e l e c t r o p h o r e t i c  process  w i l l  
b e s t  be answered through well-planned t e r r e s t r i a l  research  r a t h e r  than  
experiments i n  a low-gravity environment. 
t h e  Committee concludes t h a t  t he re  is no p res s ing  need f o r  an enlarged 
t r i a l  of e l ec t rophores i s  i n  space.  

In  terms of  what i s  now known, 

DROPLET PROCESSING 

An aerosol  i s ,  i n  e f f e c t ,  an assembly of  micro-containers ,  each of  
which can be used as the  s i t e  of a r e a c t i o n  o r  process .  
d rople t s  func t ion  as conta iners  without s o l i d  walls by tak ing  advantage 
of t h e  su r face  t ens ion  o f  t h e  d rop le t .  
t o  carry ou t  many d i f f e r e n t  types of processing s imultaneously i n  many 
separa te  conta iners  i s  r a t h e r  common. 
need f o r  micro-containers  may develop i n  the  phys ica l  sc iences  and engi-  
neer ing,  e s p e c i a l l y  i f  composition o r  r e a c t i o n  condi t ions  wi th in  each 
drop can be measured and made d i f f e r e n t  from those  i n  o the r  drops.  

The micro- 

In biology and medicine, t he  need 

I t  i s  conceivable t h a t  a similar 

The d rop le t  technique is  a l ready  being experimented with as a means 
f o r  i s o l a t i n g  s i n g l e  c e l l s  and then pe rmi t t i ng  t h e  ce l l s  t o  mul t ip ly .  
A t  normal g rav i ty ,  however, an aerosol  composed of  water d r o p l e t s  o f  
1 2  pm diameter p e r s i s t s  f o r  only a few hours.  In  b i o l o g i c a l  systems, 
however, i t  is  o f t e n  necessary t o  process  l a r g e r  volumes f o r  longer  t imes.  
For example, i n  a n t i b i o t i c  product ion,  it could be use fu l  t o  suspend 
drops o f  50 pm t o  100 pm f o r  50 t o  100 hours.  
could p e r s i s t  i n d e f i n i t e l y ,  provided t h a t  c o l l i s i o n s  among t h e  d r o p l e t s  
and o f  d rop le t s  with walls could be avoided. To t ake  advantage of such 
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an assembly of  micro-containers ,  techniques are needed t o  genera te  t h e  
micro-droplets  , each with a charac te r ized  composition. Also important 
a r e  c o n t r o l l i n g  v e l o c i t i e s  and pos i t i ons  and reducing mechanisms o f  i n -  
terchange of  matter among t h e  d rop le t s .  C r e f u l  ons ide ra t ion  w i l l  be 

t a i n e r s  a t  low g r a v i t y  would j u s t i f y ,  for  some s p e c i f i c  problem, t h e  
d i f f i c u l t  con t ro l  and a n a l y t i c a l  techniques t h a t  must be developed. 
appears t o  t h e  Committee t h a t  t h e  p o s s i b i l i t i e s  of d r o p l e t  p rocess ing  
warrant explora t ion .  

needed t o  determine i f  t h e  advantage of 10 8 t o  10’ long-l ived micro-con- 

I t  

COMBUST ION* 

Combustion i s  c lose ly  l inked i n  science t o  thermodynamics, chemical 
k i n e t i c s ,  and f l u i d  dynamics and it is  coupled i n  engineer ing t o  energy 
conversion, f lammabili ty of materials, environmental q u a l i t y ,  and home 
and i n d u s t r i a l  s a f e t y ,  In  t e r res t r ia l  combustion, buoyancy-driven con- 
vec t ion  p lays  a major i f  not  dominant ro l e .  
o t h e r  f a c t o r s  such as chemistry and t r anspor t  fundamentally a f f e c t  com- 
bus t ion .  While these  f a c t o r s  can be t r ea t ed  i n d i v i d u a l l y  through use  of  
fundamental chemistry and computer modeling, s tudy of  combustion phenom- 
ena may b e n e f i t  from removal of  g r a v i t a t i o n a l  in f luences .  

A ques t ion  a r i s e s  as t o  how 

In add i t ion  t o  convection, many other  complex phenomena a r i s i n g  from 
evolved hea t  are involved i n  a combustion process ,  Some may be charac- 
t e r i z e d  by macroscopic q u a n t i t i e s  such as i g n i t i o n  energ ies ,  au to- igni -  
t i o n  condi t ions ,  and limits of  flame exis tence ,  While a l a r g e  body of 
d a t a  on fue l -ox id ize r  systems has been accumulated, it i s  not  poss ib l e  
t o  t e s t  a l l  comtinations.  
on t h e  a b i l i t y  t o  cons t ruc t  models and conduct experiments t h a t  vary o r  
i s o l a t e  c e r t a i n  parameters.  
p u t e r s ,  t h e  a b i l i t y  t o  model complex systems is a l s o  increas ing .  
c u r r e n t l y ,  a b i l i t y  t o  perform highly d e t a i l e d  experiments on combustion 
systems with powerful t o o l s  such as tunable  l a s e r s  is s t e a d i l y  improving. 

A t  p resent ,  combustion theory  depends heav i ly  

With continuing growth i n  t h e  power of com- 
Con- 

Burning o f  S ingle  Droplets 

The s imples t  d i f fus ion-cont ro l led  system -- burning of s i n g l e  drop- 
l e t s  -- is a b a s i c  approach f o r  studying combustion processes .  Droplet-  
burning models, which have long been i n  use,  are based on c e r t a i n  assump- 
t i o n s ,  f o r  example, t h a t  t h e  d rop le t  su r f ace  and surrounding flame f r o n t  
are loca ted  on concent r ic  spheres.  Ground-based observa t ions  of  d r o p l e t  
burning,  however, show t h a t  luminous flame boundaries are, i n  fact ,  f a r  
from s p h e r i c a l  and a r e  a c t u a l l y  determined by convection cu r ren t s .  Early 
experiments on burning d r o p l e t s  f a l l i n g  f r e e l y  i n  ear th-based chambers 
succeeded i n  s imulat ing d r o p l e t s  burning with sphe r i ca l  symmetry i n  t h e  
absence o f  convection effects.  However, t h e  t e s t  du ra t ion  of about one 

* 
S. S. Penner. 

This  sec t iof i  draws heavi ly  on a paper prepared f o r  t he  Committee by 
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second d i d  no t  permit achieving s t eady- s t a t e  condi t ions.  Using t a l l e r  
drop towers, which provide two t o  f i v e  seconds o f  free f a l l ,  t h e s e  ex- 
periments on s i n g l e  d r o p l e t s  have been extended. Nevertheless ,  f ree-fal l  
durat ion i n  drop towers i s  marginal.  Low-gravity experiments i n  space 
on the burning of s i n g l e  d r o p l e t s  can provide d a t a  on parameters such 
as symmetry, flame r a d i u s ,  and d rop le t  r ad ius  and s i z e  l i m i t s  a t  
ex t inc t ion .  

Burning of Mul t ip le  Droplets 

In te r fe rence  during burning of two or more d r o p l e t s  i n  c lose  prox- 
imi ty  is  dominated by convection cu r ren t s .  Flame boundaries merge when 
drople t s  are s u f f i c i e n t l y  c l o s e l y  spaced. In the  absence of  convection, 
i n t e r f e rence  between d r o p l e t s  during burning may be expected t o  be b a s i -  
c a l l y  d i f f e r e n t  i n  c h a r a c t e r  from t h a t  observed i n  ground-based s t u d i e s .  

Burning o f  Droplet  and P a r t i c l e  Clouds 

Flame propagat ion rates and e x t i n c t i o n  condi t ions  i n  t h e  burning 
of drople t  and p a r t i c l e  clouds are s t r o n g l y  inf luenced by convection. 
Examination of  f u e l  clouds should stress de termina t ion  o f  parameters such 
as average flame propagat ion speeds as func t ions  of  mean drop s i z e  and 
drop-size d i s t r i b u t i o n .  
pe ra tu re  and composition f i e l d s  f o r  nea r - l imi t  f lames,  flame shape and 
speed, and e x t i n c t i o n  limits. 

Experiments i n  space could provide d a t a  on tem- 

Some pre l iminary  work i n  pa r t i c l e -c loud  burning has been done i n  
drop towers, bu t  t h e r e  a r e  severe  problems i n  t r y i n g  t o  prepare  s t a t i o n -  
a r y  pre-mixed p a r t i c l e  clouds i n  t h e  presence o f  g rav i ty .  
e labora t ion  of cloud-burning experiments s u i t a b l e  fo r  space-based obser-  
va t ions  remains t o  be made. Ground-based work t o  d e f i n e  p o t e n t i a l  space 
experiments should proper ly  s t a r t  with ca re fu l  formulat ion of t h e  a p p l i -  
c a b l e  conservation equat ions.  

An adequate 

Laminar Flame Propagation 

Theore t ica l  d e s c r i p t i o n  of  one-dimensional laminar flame speeds i n  
pre-mixed gases ,  with proper  app l i ca t ion  of  known r e a c t i o n  mechanisms 
and r a t e s ,  has served i n  the  evolu t ion  o f  combustion sc ience .  
ence of convection phenomena always in f luences  t h e  determinat ion of 
t h e s e  fundamental parameters i n  experiments conducted i n  ground-based 
l abora to r i e s .  

The p res -  

F 1 ammabi 1 i t y  L i m i t s  

An important cons idera t ion  i n  understanding combustion i s  t h e  bound- 
a ry  of  composition between what i s  burning and what i s  no t  y e t  burning, 
t h a t  i s ,  t h e  flammabili ty l i m i t .  The importance of buoyancy e f f e c t s  on 
flammabili ty limits is  shown by t h e  c o n t r a s t  i n  t h e  observed l i m i t i n g  
mixture compositions f o r  upward and downward flame propagat ion.  A f l a t  
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flame propagat ing downward i s  dynamically s t a b l e  because the  ho t ,  l i g h t e r  
combustion products  are produced above the heav ie r  combustible mixture.  
The r eve r se  s i t u a t i o n  p r e v a i l s  f o r  upward flame propagat ion i n  which 
buoyancy e f f e c t s  are r e l a t i v e l y  more important. Observed f lammabil i ty  
l i m i t s  are wider f o r  upward than f o r  downward flame propagat ion.  How- 
ever ,  flame propagat ion is not  observed i n  i d e a l ,  one-dimensional systems. 
The presence o f  walls produces cooled gas l a y e r s  a t  t h e  boundaries and 
des t roys  t h e  s impl i f i ed  dimensional i ty  o f  t h e  problem. 
is not  c l e a r  whether buoyancy plays a ro l e  i n  de f in ing  f lammabil i ty  
l i m i t s  f o r  downward flame propagat ion.  
amine f lammabil i ty  l imits f o r  f r e e l y  propagating nea r - l imi t  systems under 
condi t ions  of  low g r a v i t y  appear warranted. 

As a r e s u l t ,  it 

A few well-designed tes ts  t o  ex- 

The Committee concludes t h a t  ce r t a in  c l a s s i c  model systems and cer- 
t a i n  a spec t s  of t h e  combustion process  can be u s e f u l l y  s tud ied  with t h e  
v i r t u a l  e l imina t ion  of  convection. These inc lude  burning of s i n g l e  drop- 
l e t s ,  mul t ip l e  d r o p l e t s ,  and d rop le t  and p a r t i c l e  clouds; laminar flame 
propagat ion;  and f lammabil i ty  l i m i t s .  While such s t u d i e s  are  expected 
t o  c o n t r i b u t e  t o  understanding combustion processes ,  it i s  no t  l i k e l y  
t h a t  they  w i l l  be use fu l  i n  determining primary f a c t o r s  such as chemical 
r e a c t i o n  rates o r  t r a n s p o r t  processes .  
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A PERSPECTIVE ON THE TECHNOLOGY 

OF PROCESSING MATERIALS I N  SPACE 

large-diameter  c r y s t a l s ,  and a b i l i t y  t o  grow c r y s t a l s  as f l a t  r ibbons.  * 
Two assumptions a r e  implied:  f irst ,  tha t  semiconductor c r y s t a l s  have 
s t r i n g e n t  requirements f o r  p u r i t y ,  uniformity,  and pe r fec t ion ;  second, 
t h a t  t h e  a v a i l a b i l i t y  o f  e l e c t r o n i c  mater ia l s  with fewer imperfec t ions  
o r  g r e a t e r  p u r i t y  w i l l  permit  making e l e c t r o n i c  devices  with improved 
c h a r a c t e r i s t i c s .  I t  has been f u r t h e r  assumed t h a t  t h e  improvements i n  

The previous chapter  o u t l i n e s  some o f  t h e  fundamental a spec t s  o f  
process ing  materials i n  space.  
ogie? without addressing t h e  commercial a spec t s  of those  a reas .  Com- 
mercial  ana lyses  are more proper ly  t h e  domain of  a sepa ra t e  study. 
r o l e  o f  technology i n  t h e  space environment i s ,  neve r the l e s s ,  c l o s e l y  
l inked  t o  ear th-based commercial aspects.  The Committee t h e r e f o r e  ex-  
amined as an example t h e  poss ib l e  importance o f  growing semiconductor 
c r y s t a l s  i n  space f o r  commercial use. This case  seemed p a r t i c u l a r l y  
appropr i a t e  t o  examine because i t  a l s o  involves  s o l i d i f i c a t i o n  and con- 
t a i n e r l e s s  processing,  matters t h a t  the Committee examined i n  d e t a i l .  
Furthermore, d a t a  were a v a i l a b l e  t o  make p o s s i b l e  cons idera t ion  of t h e  
comparative c o s t s  o f  producing c r y s t a l s  i n  space and on e a r t h .  

I t  also refers t o  a number of  technol -  

The 

In cons ider ing  t h e  v a l i d i t y  of the assumptions,  t h e  fol lowing ques- 
t i o n s  must be answered: 

* The i n t e r e s t  i n  f l a t  ribbon c rys t a l s  i s ,  i n  t u r n ,  based on an assump- 
t i o n  t h a t  t h e  a v a i l a b i l i t y  of  f l a t  ribbon would e l imina te  t h e  cos t  of 
sawing wafers from c y l i n d r i c a l  mater ia l  and po l i sh ing  t h e  wafers and 
t h a t  t h e  cos t  o f  prepar ing  a chip i s  independent o f  wafer s i z e .  
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Is i t  t r u e  t h a t  crystals o f  materials most commonly used f o r  
e l e c t r o n i c  devices  -- s i l i c o n ,  III-V compounds, ga rne t s  -- 
grown i n  space w i l l  be phys i ca l ly  and/or chemically s u p e r i o r  
t o  those  grown on e a r t h ?  

Even i f  t h e  c r y s t a l  material i s  supe r io r ,  does i t  n e c e s s a r i l y  
follow t h a t  a device  inco rpora t ing  t h e  supe r io r  material w i l l  
have improved p r o p e r t i e s ?  

If t h e  device  has improved p r o p e r t i e s ,  w i l l  t h e  improvement 
in performance of t h e  device  have any s i g n i f i c a n t  p o s i t i v e  
e f f e c t  on t h e  performance o f  t h e  system us ing  t h e  device? 

If  t h e  performance o f  t h e  system i s  improved, i s  t h e  improve- 
ment worth t h e  add i t iona l  cos t  a r i s i n g  from manufacturing t h e  
s t a r t i n g  material i n  space? 

Can c r y s t a l s  of s i g n i f i c a n t l y  l a r g e r  diameter  be grown i n  
space? 

Can f l a t  ribbon c r y s t a l s  be grown i n  space? 

These quest ions are addressed i n  t h e  fol lowing d iscuss ion .  

POSSIBLE ADVANTAGES OF GROWING CRYSTALS IN SPACE 

Experiments on Skylab by Wiedemeier, W i t t  and Gatos" have been c i t e d  
as evidence t h a t  c r y s t a l s  grown i n  a low-g environment are supe r io r  t o  
those  grown on e a r t h .  The Wiedemeier experiments involved growing GeSe 
and GeTe c r y s t a l s  from vapor i n  a closed system us ing  Ge14 as t h e  t r a n s -  
p o r t  agent. A d i r e c t  comparison was made between mass t r a n s p o r t  rates 
i n  space and on e a r t h .  The Witt-Gatos experiments involved melt ing and 

* H. Wiedemeier e t  a l . ,  "Crystal  Growth and Transport  Rates of GeSe 
and GeTe i n  Microgravity Environment." Journa l  o f  Crys t a l  Growth 
31(1975):36-43; H. Wiedemeier e t  a l . ,  V a p o r  Growth o f  GeSe and GeTe 
S ing le  Crys ta l s  i n  Micro-gravity." Proceedings: Third Space Processing 
Symposiwn, Skylab Resul t s ,  Vol. 1, NASA M-74-5, George C. Marshall  
Space F l ight  Center,  Alabama, pp. 235-256 (June 1974); A. F.  W i t t  e t  a l . ,  
"Crystal Growth and Steady-State  Segregat ion under Zero Gravi ty:  Izb." 
Jou rna l  of t he  Electrochemical Soc ie ty  122(2)(1975):276-283; A. F. W i t t  
I- e t  a l . ,  "Steady-State Growth and Segregat ion under Zero Gravity:  InSb." 
Skylab Results,  Vol. 1, pp. 275-288. 

-- 
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r e s o l i d i f y i n g  a po r t ion  of a Te-doped InSb c r y s t a l  o r g i n a l l y  grown on 
ea r th .  Witt and Gatos repea ted  t h e  experiments on e a r t h ,  thus  making 
p o s s i b l e  a d i r e c t  comparison of earth-grown t o  space-grown c r y s t a l s .  
In  c o n t r a s t  t o  much of t h e  ma te r i a l s  processing work i n  space t o  da t e ,  
c a r e f u l  ground-based work was done i n  both t h e s e  cases .  

In  Wiedemeier's experiments,  c rys t a l s  grown on e a r t h  showed d i s -  
t o r t e d  su r faces  o f  p l a t e l e t s  and needles,  
were f r equen t ly  observed. Nearly a l l  octahedral  c r y s t a l s  grown on e a r t h  
revea led  p a r t i a l l y  hollow growth h a b i t s  while  t h e  corresponding space- 
grown c r y s t a l s  had considerably more compact s t r u c t u r e s .  The faces  of  
space-grown c r y s t a l s  showed a h igher  degree of  smoothness and c r y s t a l -  
l i n e  p e r f e c t i o n ;  t h e  edges were b e t t e r  defined. These improvements were 
a t t r i b u t e d  t o  the  absence o f  gravi ty-dr iven convection and t o  growth 
under condi t ions  c o n t r o l l e d  only by d i f fus ion .  A second observa t ion  
was t h a t  t h e  mass t r a n s p o r t  rate was g rea t e r  than  expected i n  a low-g 
environment. The reason f o r  t h i s  is not understood. Unfortunately,  
t h e  ear th-based experiments used a hor izonta l  o r i e n t a t i o n  of t h e  appa- 
r a t u s ,  b u t  n e i t h e r  of  t h e  two poss ib l e  v e r t i c a l  o r i e n t a t i o n s .  

Aggregation and twinning 

In t h e  Witt-Gatos experiments,  the o b j e c t i v e  was t o  achieve growth 
under d i f fus ion -con t ro l l ed ,  s teady-s ta te  condi t ions .  They have repor ted  
t o  t h e  Committee t h a t  t hese  growth conditions were obta ined ,  lead ing  
t o  three-dimensional microscale  chemical homogeneity over  macroscale 
dimensions. They a l s o  repor ted  a phenomenon never  prev ious ly  observed 
and not  p red ic t ed  t h e o r e t i c a l l y  t h a t  they a t t r i b u t e d  t o  sur face- tens ion  
e f f e c t s ,  t h a t  i s ,  t h e  Te-doped melt did no t  wet t h e  qua r t z  wall of  t h e  
con ta ine r  but  s o l i d i f i e d  with a free-surface (unconfined) conf igura t ion .  

conf in ing  wal l s  was prevented, and the  growing c r y s t a l  system was essen-  
t i a l l y  i s o l a t e d  from i t s  con ta ine r  by the formation of  narrow su r face  
r idges .  The o v e r a l l  conclusion of the i n v e s t i g a t o r s  was t h a t  t h e  InSb 
experiment proved unambiguously t h e  uniqueness of  low-gravity condi t ions  
f o r  ob ta in ing  fundamental d a t a  on crystal growth and segrega t ion  asso- 
c i a t e d  with s o l i d i f i c a t i o n  and t h a t  the r e s u l t s  demonstrated advantages 
of  process ing  ma te r i a l s  i n  space. 

, Under forced-contact  condi t ions ,  int imate  contac t  between t h e  melt and 

The r e s u l t s  repor ted  f o r  t h e s e  crystal-growth experiments appear 
t o  be va l id .  
were performed f o r  comparison. 
used, improvements i n  both phys ica l  and chemical p r o p e r t i e s  were obtained.  
However, i n  t h e  Committee's opinion,  these r e s u l t s  are not  s u f f i c i e n t  
t o  permit  concluding whether growth i n  space o f  c r y s t a l s  f o r  commercial 
e l e c t r o n i c  devices  i s  o r  is not  viable .  

Adequate and c a r e f u l l y  conducted ear th-based experiments 
Under the  p a r t i c u l a r  growth condi t ions  

Nei ther  of  t he  materials s tud ied  i n  t h e  vapor-growth experiments,  
GeSe o r  GeTe, is expected t o  be used in  p r a c t i c a l  e l e c t r o n i c  devices .  
Moreover, t h e  growth technique used -- closed-tube vapor t r a n s p o r t  -- 
is not  expected t o  be used f o r  growing those  materials t h a t  do have 
s i g n i f i c a n t  p r a c t i c a l  app l i ca t ions .  Current ly ,  vapor growth i s  used t o  
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prepare GaAs s t r u c t u r e s  f o r  a v a r i e t y  o f  important microwave devices  
(e.g., Gunn o s c i l l a t o r s ,  IMPATT diodes,  and v a r a c t o r s )  and t o  prepare  
te rnary  or quaternary  1 1 1 - V  materials f o r  l i g h t - e m i t t i n g  devices  (e.g., 
diodes f o r  d i sp l ays  and lasers).  
system is  used, a system i n  which t h e  p a r t i c u l a r  effects observed i n  
t h e  closed-tube system i n  low g r a v i t y  would probably no t  be observed. 

In  t h e s e  cases ,  an open-tube flow 

Neither  is t h e  InSb grown by W i t t  and Gatos now commercially i m -  
por tan t ,  f o r  it i s  used only f o r  a small number o f  s p e c i a l i z e d  i n f r a r e d  
de tec to r s ,  
s o l i d i f i c a t i o n  i n  a closed tube -- i s  no t  used f o r  product ion o f  com- 
mercial  e l e c t r o n i c  devices ,  I t  i s  impossible  t o  e x t r a p o l a t e  t h e  r e s u l t s  
of  the InSb, GeSe, or GeTe experiments t o  s p e c i f i c  m a t e r i a l s  or processes  
used or planned f o r  use  commercially o r  t o  p r e d i c t  any s p e c i f i c  advan- 
tages  of process ing  those  materials i n  a low-g environment. 

The growth method used by W i t t  and Gatos -- d i r e c t i o n a l  

The only experiments i n  space us ing  a cu r ren t  product ion process  
were those involv ing  t h e  f loat-zone method, 
mentary equipment and no e f f e c t s  were observed t h a t  could be used t o  
pred ic t  improved p r o p e r t i e s  f o r  material grown i n  space. 

The experiments used r u d i -  

EFFECTS OF IMPROVEMENTS IN THE QUALITY OF STARTING 
MATERIAL ON THE PERFORMANCE O F  ELECTRONIC DEVICES 

I t  has  been s a i d  t h a t  b e t t e r  s t a r t i n g  material leads  t o  b e t t e r  
device performance, bu t ,  i n  fact ,  t h e  q u a l i t y  o f  s t a r t i n g  ma te r i a l  i s  
no t  the l i m i t i n g  cons idera t ion  f o r  most devices  p r e s e n t l y  manufactured. 
Even i f  s t a r t i n g  material were p e r f e c t ,  most f a b r i c a t i o n  processes  f o r  
devices involve s t e p s  a t  high temperatures  t h a t  induce phys ica l  and 
chemical de fec t s  fa r  i n  excess o f  those  o r i g i n a l l y  present .  Some pre-  
s e n t  devices and some i n  t h e  development s t a g e  are, however, c l e a r l y  
a f fec ted  by t h e  q u a l i t y  o f  p re sen t ly  a v a i l a b l e  material. Others are 
probably a f f ec t ed ,  bu t  t h e  c o r r e l a t i o n  i s  no t  clear. In  t h i s  d i scuss ion ,  
materials considered w i l l  be r e s t r i c t e d  t o  those  used, or expected t o  
be used, i n  r e l a t i v e l y  high volume, s p e c i f i c a l l y  s i l i c o n ,  GaAs, 1 1 1 - V  
a1 loys , and ga rne t s  . 

Si l i con  i s  t h e  most widely used ma te r i a l  o f  t h e  e l e c t r o n i c  semi- 
conductor device indus t ry ,  
d i s c r e t e  t r a n s i s t o r s ,  rec t i f ie rs ,  d iodes ,  and r a d i a t i o n  sensors  t o  com- 
p l ex  in t eg ra t ed  c i r c u i t s  conta in ing  seve ra l  thousand devices  on a ch ip .  
These devices  are formed on s l ices  o f  s i n g l e - c r y s t a l  s i l i c o n ,  bulk-grown 
by the Czochralski or t h e  f loa t -zone  technique o r  i n  e p i t a x i a l  l aye r s  
formed by chemical vapor depos i t ion  on bulk slices. 

I t  i s  used i n  a v a r i e t y  o f  devices  from 

Many types of phys i ca l  and chemical imperfec t ions  i n  s i l i c o n  can 
a f f e c t  device performance, y i e l d  of  usable  ch ips  from t h e  pa ren t  mate- 
r i a l ,  or both. These inc lude  p o i n t  d e f e c t s  and c l u s t e r s  of p o i n t  d e f e c t s ,  
heavy-metal impur i t i e s  t h a t  cause deep l e v e l s  and t r a p s ,  carbon and 
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oxygen, and non-uniform d i s t r i b u t i o n  of added doping agents .  These i m -  
p e r f e c t i o n s  in f luence  p r o p e r t i e s  of t h e  s i l i c o n  such as uni formi ty  o f  
r e s i s t i v i t y ,  s u s c e p t i b i l i t y  of r e s i s t i v i t y  t o  changes dur ing  hea t  t rea t -  
ment, n e t  dopant concent ra t ion ,  minor i ty -ca r r i e r  l i fe t ime,  and car r ie r  
m o b i l i t i e s .  These i n  t u r n  can cause a wide v a r i e t y  o f  problems i n  de- 
v i c e s ,  such as reduced breakdown vol tage ,  non-uniform hea t ing ,  non-uni- 
form switching,  increased  leakage cu r ren t s ,  and reduced and non-uniform 
t r a n s i s t o r  gain.  
ca ted  s imultaneously on t h e  same s l ice ,  thereby reducing t h e  y i e ld .  

They can a l s o  cause d i f f e rences  among devices  f a b r i -  

For most s i l i c o n  devices ,  d e f e c t s  introduced dur ing  process ing ,  
p a r t i c u l a r l y  during photo l i thographic  s teps  o r  high-temperature  opera- 
t i o n s ,  f a r  exceed those  i n  t y p i c a l  s t a r t i n g  m a t e r i a l ,  A s  p rocesses  
a r e  improved through new technology, the  q u a l i t y  of t h e  s t a r t i n g  mate- 
r i a l  w i l l  become more important.  

Present  commercial s i l i c o n  i s  not  very uniform. Across a s l ice ,  
r e s i s t i v i t y  v a r i a t i o n s  o f  as much as 30 percent  f o r  N-type and 15 pe r -  
cen t  f o r  P-type are not  uncommon. 
a l s o  needs t o  be improved; f o r  example, so-ca l led  d i s l o c a t i o n - f r e e  s i l i -  
con t y p i c a l l y  conta ins  swirl de fec t s .  
n i f i c a n t l y  by contamination and lack of  ca re  during t y p i c a l  mass pro- 
duc t ion  growth of  s i l i c o n  c r y s t a l s .  

The degree o f  phys ica l  p e r f e c t i o n  

Some problems a r e  amplif ied s i g -  

Growth under low-g condi t ions  might h e l p  so lve  some o f  these  prob- 
lems; f o r  example, t h e  Witt-Gatos experiments i n d i c a t e  doping uniformity 
might be improved. However, earth-bound processes  can almost c e r t a i n l y  
be improved s i g n i f i c a n t l y  by f u r t h e r  research and development. 

a des i r ed  dopant concent ra t ion  by t ransmutat ion of s i l i c o n  t o  phosphorous 
g ives  N-type ma te r i a l  with a very high degree o f  un i formi ty .  
n a t e l y ,  i ndus t ry  RED i n  s i l i c o n - c r y s t a l  growth processes  has  been ex- 
tremely spa r se  f o r  s eve ra l  years ,  a c l e a r  i nd ica t ion  t h a t  of  t h e  many 
problems i n  developing new and improved e l e c t r o n i c  devices ,  those  asso-  
c i a t e d  wi th  t h e  s t a r t i n g  material had low p r i o r i t y .  

For 
I example, t h e  r e l a t i v e l y  new technique of neutron i r r a d i a t i o n  t o  c r e a t e  

Unfortu- 

Another commercially important group of  e l e c t r o n i c  ma te r i a l s  i s  
based on G a A s  and i t s  t e r n a r y  and quaternary a l l o y s  with o t h e r  group-I11 
and -V elements.  
t h e  r equ i r ed  two o r  more very  t h i n  layers  of  d i f f e r e n t  dopant concentra- 
t i o n s .  
between t h e  reg ions  i s  very important ,  as i s  su r face  morphology f o r  some 
devices .  
t h e s e  complex devices but  s i g n i f i c a n t l y  b e t t e r  devices  could be obtained 
i f  b e t t e r  material were ava i l ab le .  The growth processes  are complicated 
and s o p h i s t i c a t e d ,  and considerable  a t t e n t i o n  and i n t e r v e n t i o n  by a 
h igh ly  t r a i n e d  ope ra to r  i s  necessary during growth. Unless t h e  processes  
can be g r e a t l y  s i m p l i f i e d  and automated, and unless  growth i n  low g r a v i t y  
i s  shown t o  g ive  s i g n i f i c a n t  improvement i n  t h e  material, it i s  doubtful  
t h a t  it w i l l  he advantageous t o  perform t h e  process  i n  space. 

Microwave devices  genera l ly  use vapor growth t o  form 

Uniformity of t he  dopant concentrat ion and an abrupt  t r a n s i t i o n  

Important improvements are being made i n  t h e  a b i l i t y  t o  grow 
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Light-emit t ing diodes are f a b r i c a t e d  i n  1 1 1 - V  a l l o y s  such as 
Materials de fec t s  reduce t h e  e f f i c i ency  f o r  (Ga, A1)As and Ga(As, P) .  

converting cu r ren t  i n t o  l i g h t .  I t  i s  no t  p o s s i b l e ,  however, t o - p r e d i c t  
how s i g n i f i c a n t  would be t h e  gain from us ing  p e r f e c t  materials. NO ex- 
periments on l i q u i d  ep i t axy  have been conducted i n  space,  so t h e  poten- 
t i a l  f o r  improving e p i t a x i a l  m a t e r i a l s  by growth i n  low g r a v i t y  i s  no t  
known. S o l i d - s t a t e  l a s e r s  are a l s o  f a b r i c a t e d  by e p i t a x i a l  depos i t i on  
of successive l aye r s  of  1 1 1 - V  materials. 
of  more p e r f e c t  material would be t o  prolong t h e  ope ra t ing  l i f e  of t h e  
devices.  

In  t h i s  case, t h e  advantage 

Garnet c r y s t a l s ,  p a r t i c u l a r l y  those  based on r a r e  e a r t h  elements,  
are becoming inc reas ing ly  important f o r  use i n  magnetic bubble memory 
devices.  Physical  p e r f e c t i o n  is  of g rea t  importance i n  t h e s e  devices .  
Chips a r e  r e l a t i v e l y  l a r g e  (up t o  1 cm square)  and a s i n g l e  de fec t  can 
make a serial  s h i f t - r e g i s t e r  inopera t ive .  Predominant d e f e c t s ,  u sua l ly  
a t  a dens i ty  o f  2 t o  5 p e r  square cent imeter ,  are d i s l o c a t i o n s  and i n -  
c lusions from t h e  conta iner .  I t  i s  poss ib l e  on e a r t h  t o  grow c r y s t a l s  
completely free from such de fec t s  by us ing  g r e a t  care .  Even though pe r -  
f e c t i o n  requirements are very s t r i n g e n t ,  most experimenters be l i eve  t h a t  
adequate q u a l i t y  can be obtained on e a r t h  and t h a t  space  process ing  w i l l  
no t  y i e ld  any advantages. 

EC ONOMI CS 

An A. D. L i t t l e  study* i n  1974 suggested a p o s s i b l e  economic advan- 
t age  a r i s i n g  from a p o t e n t i a l  i nc rease  i n  diameter  f o r  c r y s t a l s  grown 
i n  space. A. D. L i t t l e  has  r e c e n t l y  re-examined t h e  matter** and t h e  
conclusion now i s  t h a t  t h e r e  i s  no economic advantage. 
ou t  f o r  NASA by blcDonne11 Douglas*** sugges ts  t h a t  t h e r e  are p o s s i b l e  
economic advantages f o r  growing s i l i c o n  i n  space  f o r  f a b r i c a t i o n  i n t o  
in t eg ra t ed  c i r c u i t s  on e a r t h .  
hypothe t ica l  system f o r  growing s i l i c o n  i n  r ibbon form and an advantage 
a r i s i n g  from increased  y i e l d  i n  f a b r i c a t i o n  i n t o  devices  lead ing  t o  t h e  
lower cos t .  A y i e l d  improvement f a c t o r  o f  4.5 i s  pos tu l a t ed ,  60 percent  

A s tudy c a r r i e d  

The McDonnell Douglas s tudy  assumes a 

* A. A. Fowle A- e t  a l . ,  Float-Zone Processing -- i n  a Weightless Environ- 
- ment. 
October 1974. 

NASA CR-143876, George C. Marshall  Space F l i g h t  Center ,  Alabama, 

** A. A. Fowle -- e t  a l . ,  Float-Zone Processing -- i n  a Weightless Environ- - ment. 
November 19 76. 

NASA CR-2768, George C .  Marshall  Space F l i g h t  Center ,  Alabama, 

*** McDonnell Douglas Corporation, F e a s i b i l i t y  Study of Commercial -- 
Space Manufacturing. 
1975. 

NASA Contract NAS 8-31353, S t .  Louis, Missouri ,  
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o f  which i s  due t o  e l imina t ing  sawing and p o l i s h i n g  t h e  s i l i c o n .  
remainder i s  a t t r i b u t e d  t o  lower losses  due t o  g r e a t e r  s t r u c t u r a l  per -  
f e c t i o n ,  more uniform r e s i s t i v i t y ,  fewer dopant de fec t s ,  and geometr ical  
advantage ( r ec t angu la r  vs.  circular) . The McDonnell Douglas system a l s o  
assumes t h a t  a low-g environment w i l l  make r ibbon growth f e a s i b l e .  I t  
would b e  b e n e f i c i a l  t o  grow s i l i c o n  i n  r ibbon form with s u f f i c i e n t l y  
p e r f e c t  su r f aces  t o  e l imina te  pol i sh ing .  
devoted t o  developing an ear th-based system f o r  doing t h i s .  
b a r r i e r  t o  growing s a t i s f a c t o r y  ribbons on e a r t h  has  been problems 
a s s o c i a t e d  wi th  t h e  guides  used f o r  obtaining t h e  r equ i r ed  shape and 
s ize .  
n a t i n g  t h e  g r a v i t y  fo rce  w i l l  so lve  t h e  problem. 

The 

A l a r g e  RED e f f o r t  has  been 
The primary 

The same problem w i l l  e x i s t  i n  space; i t  is  n o t  obvious how elimi- 

IMPACT OF SPACE EXPERIMENTS ON 
GROUND-BASED GROWTH OF ELECTRONIC MATERIALS 

Methods now used f o r  the  commercial growth o f  l a rge  c r y s t a l s  of 
e l e c t r o n i c  materials such as s i l i c o n  have been developed empi r i ca l ly  
with l i t t l e  t h e o r e t i c a l  understanding o f  what occurs  a t  t h e  microscale  
l e v e l  during growth. I t  has been argued t h a t  much b e t t e r  t h e o r e t i c a l  
understanding of  t h e  growth process  can be obtained by experiments i n  
low g r a v i t y  and t h a t  such knowledge would lead  t o  s i g n i f i c a n t  improve- 
ments i n  ear th-based c r y s t a l  growth. Ce r t a in ly ,  t h e  Witt-Gatos exper i -  
ments on Ga-doped germanium (Appendix, experiment P.IA 060) have demon- 
s t r a t e d  t h a t  segrega t ion  i n  space-grown c r y s t a l s  can be understood 
q u a n t i t a t i v e l y  i n  terms o f  a model i n  which convection i s  absent .  Ex- 
periments o f  t h i s  kind are bound t o  yield use fu l  fundamental information 
such a s  d i s t r i b u t i o n  c o e f f i c i e n t s ,  d i f fus ion  c o e f f i c i e n t s ,  and a b e t t e r  
understanding o f  t r a n s i e n t  e f f e c t s  and r a d i a l  segrega t ion .  Although 
t h i s  information w i l l  undoubtedly lead t o  an improvement i n  t h e  growth 
o f  c r y s t a l s  on e a r t h ,  t h e  s ign i f i cance  of such an improvement f o r  device 
a p p l i c a t i o n s  remains unresolved. 

41 



D E F  I N IT ION, ORGAN I ZAT I ON, AND 

A3MINISTRATION OF A VIABLE PROGRAM 

I f  a program f o r  processing mater ia l s  i n  space i s  t o  be v i a b l e ,  t h e  
program i t s e l f  and i t s  a s soc ia t ed  f a c i l i t i e s  must be proper ly  def ined,  
organized,  and adminis tered.  This  chapter conveys t h e  Committee's views 
on these  matters. 

PROGRAM DEFINITION 

Federal  agencies such as t h e  National Science Foundation, Department 
of  Energy, Nat ional  I n s t i t u t e s  o f  Health, and Department of  Defense 
have r e s p o n s i b i l i t y  t o  fund those  aspects o f  research  i n  materials s c i -  
ence and technology germane t o  t h e i r  missions. 
t e r i a l s  research  i s  supported d i r e c t l y  by indus t ry .  
must be def ined  wi th in  the  context  of  t h i s  range o f  ongoing a c t i v i t i e s .  
I t  i s  important t h a t  i n  de f in ing  its program, NASA cont inuously seek 
advice from a broad community o f  mater ia l s  s c i e n t i s t s  and engineers .  

In  add i t ion ,  much ma- 
The NASA program 

The Committee recommends t h a t  NASA prepare  a program document pre-  
s e n t i n g  t h e  goals  of t h e  materials processing program f o r  t h e  nex t  f i v e  
t o  t e n  yea r s  and expla in ing  t h e  r e l a t i o n s h i p  o f  t h e  goals  t o  t h e  a c t i v -  
i t i e s  o f  o t h e r  programs i n  government and indus t ry .  
es t imated c o s t s  should be included. I t  i s  important t h a t  t h e  s c i e n t i f i c  
and engineer ing  communities be involved i n  meaningful ways i n  t h e  formu- 
l a t i o n  o f  t h e  program. 

Timetables and 

I 

1 s i v e  program t h a t  inc ludes  good earth-based experiments.  Where appro- 

I 

I 

The experiments t h a t  form NASA's materials processing program 
should be  s e l e c t e d  wi th  g r e a t  ca re  and conducted as p a r t  of a comprehen- 

p r i a t e ,  ground-based work should include experiments using drop towers,  
a i rcraf t ,  o r  sounding rockets .  E a r l i e r  i n  t h i s  r e p o r t ,  s p e c i f i c  t o p i c s  
were d iscussed  from which some genera l iza t ions  can be made about t he  
areas i n  which convincing demonstration experiments are l i k e l y  t o  be 
found. 

i 
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ORGANIZATION AND MANAGEMENT 

In t h e  nea r  term, t h e  NASA program w i l l  have t o  support  ex tens ive  

In  l a t e r  s t a g e s ,  t h e  program should envi-  
earth-based a c t i v i t i e s  designed t o  supplement and provide comparative 
d a t a  f o r  space experiments. 
s i o n  ex tens ive  use of  space f a c i l i t i e s  by non-NASA use r s  paying f o r  
t h e i r  own experiments. 

The NASA program i n  materials should be designed t o  develop through 
two phases: (1) development and demonstration and (2)  management of 
t h e  Space S h u t t l e  as a n a t i o n a l  f a c i l i t y .  The first s t a g e  may span 
about t h e  f i rs t  f i v e  years  of S h u t t l e  use ,  bu t  NASA should have a c lear  
objec t ive  t o  move i n t o  t h e  second phase as soon as poss ib l e ,  c e r t a i n l y  
before  t h e  second h a l f  o f  t h e  1980s. 

Phase One: Development and Demonstration 

Phase One must be c a r e f u l l y  planned. The only experiments flown 
should be  those  expected t o  c l e a r l y  d e l i n e a t e  the  p o t e n t i a l s  and l i m i -  
t a t i o n s  o f  materials experiments i n  space and t h a t  a l s o  provide NASA 
with the experience necessary t o  develop f a c i l i t i e s  o f  maximum value  
t o  the  s c i e n t i f i c  and engineer ing communities. 
be made t o  involve agencies  o t h e r  than  NASA i n  t h e  planning of appro- 
p r i a t e  experimental  programs. 
Space S h u t t l e ,  it i s  important t o  involve p o t e n t i a l  customers as e a r l y  
as poss ib le .  
l a b  f o r  m a t e r i a l s  process ing  w i l l  be  determined l a r g e l y  by judgments 
reached by t h e  ma te r i a l s  research  community about t h e  usefu lness  and 
c r e d i b i l i t y  o f  t h e  r e s u l t s  of t h e  demonstration program. 

Every e f f o r t  should 

In developing a f a c i l i t y  such as t h e  

The eventual  demand f o r  use o f  t h e  Space S h u t t l e  and Space- 

Experimental f ac i l i t i e s  such as cen t r i fuges ,  magnetic f i e l d s ,  buoy- 
ancy devices,  drop towers,  a i r c r a f t  i n  pa rabo l i c  f l i g h t ,  o r  rocke t  probes 
can be used i n  some experiments t o  a l t e r  t h e  g r a v i t y  vec tor .  
veloped, t h e  Space S h u t t l e  w i l l  c o n s t i t u t e  an add i t iona l  f a c i l i t y .  
For some experiments,  t h e  S h u t t l e  may prove t o  be s impler  t o  use than  
o t h e r  approaches and may permit more d e f i n i t i v e  experiments. I n  some 
cases ,  t h e  S h u t t l e  may be t h e  only f e a s i b l e  way t o  work a t  low g rav i ty .  
I t  i s  un l ike ly ,  however, t o  prove t o  be less expensive than  a l t e r n a t i v e  
techniques even i f  only ope ra t ing  c o s t s  a r e  recovered. One must expect 
t h a t  i nves t iga to r s  w i l l  weigh a l l  t h e s e  cons idera t ions  before  dec id ing  
whether t o  pay f o r  time on t h e  Space S h u t t l e  o r  use a l t e r n a t i v e  f a c i l i -  
t i es .  

When de- 

Phase Two: The Space S h u t t l e  as a Nat ional  F a c i l i t y  

I f  t h e  experiments c a r r i e d  out i n  Phase One convincingly demon- 
s t r a t e  t h e i r  usefu lness  as experimental  fac i l i t i es  f o r  materials process-  
ing ,  the Space S h u t t l e  and Spacelab should be made a v a i l a b l e  as a 
na t iona l  resource  t o  s c i e n t i s t s  and engineers  working i n  u n i v e r s i t i e s ,  
government l a b o r a t o r i e s ,  o r  i ndus t ry  on t h e  same bases  as o t h e r  n a t i o n a l  
experimental f a c i l i t i e s .  Ind iv idua l s  o r  groups o f  s c i e n t i s t s  wishing 
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t o  use t h e  S h u t t l e  o r  Spacelab should be requi red  t o  pay f o r  time on 
t h e  f a c i l i t y .  
customary peer  reviewers o f  t h e  value o f  t h e  proposed a c t i v i t y .  
add i t ion ,  t h e  au thors  of t h e  proposals  must convince t h e  managers of 
t h e  f a c i l i t y  t h a t  t h e i r  experiments are of s u f f i c i e n t  s c i e n t i f i c  merit 
o r  technologica l  importance t o  j u s t i f y  use of t h e  f a c i l i t y  and show 
t h a t  t h e i r  experiments w i l l  conform t o  s a f e t y  and o t h e r  necessary  oper-  
a t i n g  requirements .  As with o t h e r  na t iona l  r e sea rch  f a c i l i t i e s ,  u s e r  
r a t e s  should n o t  be designed t o  cover the  t o t a l  real c o s t  o f  ope ra t ing  
t h e  f a c i l i t y .  

This  would r e q u i r e  convincing funding agencies  and t h e i r  
In  

ADMI N I ST RAT I ON 

NASA management may f i n d  i t  d i f f i c u l t  t o  ensure t h a t  t h e  m a t e r i a l s  
program moves as d i r e c t l y  as poss ib l e  over t h e  next  f i v e  t o  t e n  years  
toward i t s  f i n a l  ob jec t ive  descr ibed as Phase Two. There i s  a p o s s i b i l i t y  
t h a t  NASA could genera te  a l a r g e  se l f -perpe tua t ing  program i n  materials, 
independent o f  and l a r g e l y  i s o l a t e d  from t h e  many o t h e r  earth-bound 
programs i n  materials processing.  To avoid t h i s ,  t h e  Committee recom- 
mends t h a t  NASA e s t a b l i s h  a s tanding  advisory panel t o  i t s  materials 
program. 
r i a l s  program with t h e  ma te r i a l s  research community by e s t a b l i s h i n g  
a s i n g l e ,  c a r e f u l l y  organized, c e n t r a l l y  coordinated,  p u b l i c l y  announced 
peer  review system f o r  eva lua t ing  mater ia l s  research  proposals  submitted 
t o  any NASA organ iza t iona l  element. Reviewers should be expe r t s  i n  t h e  
sc ience  o r  engineer ing of  matters under review and not  necessAri ly  spe-  
c i a l i s t s  i n  experiments i n  space. Except i n  unusual circumstances,  
reviewers should not  themselves be r e c i p i e n t s  o f  cu r ren t  NASA grants .  

In  add i t ion ,  NASA should enhance t h e  c r e d i b i l i t y  of i t s  mate- 

To adminis te r  t h e  program, NASA should use  in-house personnel ,  
among whom should be materials s c i e n t i s t s  and engineers  who would: 

i n  Phase One, assess t h e  s c i e n t i f i c  and t echn ica l  mer i t  of 
proposa ls  ( tak ing  i n t o  considerat ion t h e  recommendations of 
peer  reviewers)  and decide whether o r  no t  t o  fund t h e  work 
proposed ; 

i n  Phase Two, decide whether or not t o  exe rc i se  NASA's 
ve to  power; 

develop and manage NASA's research f a c i l i t i e s  i n  a manner 
respons ive  t o  an understanding of  t h e  problems and needs of 
s c i e n t i s t s  and engineers  working in  t h e  materials f i e l d ;  
and 

s o l v e  m a t e r i a l s  problems involved i n  t h e  development of  
s t r u c t u r e s  i n  space.  

N.4SA w i l l  no t  be ab le  t o  r e c r u i t  and keep capable  materials s c i -  
e n t i s t s  and engineers  i f  t h e i r  work has a pure ly  s e r v i c e  funct ion.  
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To increase  i t s  d i r e c t  involvement i n  materials research ,  t h e  staff  
managing t h e  materials program should a l s o  be a c t i v e  i n  NASA research  
d i rec ted  toward f ind ing  s o l u t i o n s  t o  problems of engineer ing i n  space.  
The Committee d id  not  a t tempt  t o  assess t h e  s ize  o f  t h e  in-house research  
a c t i v i t y  necessary t o  d i r e c t l y  support  t h e  t o t a l  NASA mission. 

The Committee be l i eves  t h a t  while  t h e r e  may be some j u s t i f i c a t i o n  
i n  Phase One f o r  inc luding  f l i g h t  o r  ground-based experiments as a p a r t  
o f  NASA's  in-house e f f o r t ,  i n  Phase Two, t h e  g r e a t e r  p a r t  o f  t h e  materials 
processing experiments should come from ou t s ide  NASA. If o u t s i d e  f inan -  
c ia l  support  i s  lacking ,  t h e  Phase Two program should be discont inued.  
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c o r u u s  IONS 

i n  t e r r e s t r i a l  research .  

Judgment o f  t h e  merit of a program on mater*iaZs processing i n  space. 

The ob jec t ives  o f  t h i s  s tudy and the r e l a t e d  p r i n c i p a l  f i nd ings  are 
s ummari zed be 1 ow. 

Assessment and evaluation of  the  s c i e n t i f i c  and technological s i g n i f i -  
cance o f  what has been learned t o  date about processing materiaZs i n  the 
space environment. 

I 

The p r i n c i p a l  va lue  o f  t h e  space environment l i es  i n  t h e  a v a i l a b i l i t y  
of low g r a v i t a t i o n a l  acce le ra t ion  f o r  long times. Opportuni t ies  f o r  use-  
f u l  e x p l o i t a t i o n  of  t h i s  environment appear t o  inc lude  research  on s o l i d i -  
f i c a t i o n ,  e s p e c i a l l y  p lane- f ront  growth of  s ing le-phase  and polyphase 
s o l i d s  and mixed composites having phases o f  d i f f e r e n t  dens i ty .  The 
avoidance o f  conta iners  may be f a c i l i t a t e d  i n  space,  with b e n e f i t  t o  t h e  
phys ica l  measurement o r  processing o f  c e r t a i n  r e a c t i v e  ma te r i a l s  and f o r  
p u r i f i c a t i o n  o f  exemplary materials. 

: 
I 

! The space environment may a l s o  
I 

, 
assist t h e  management of aerosols  i n  drople t  processing and the  con t ro l  
of convect ion i n  combustion s t u d i e s  of  flame propagat ion and t h e  limits 
o f  f lammabil i ty .  

The Committee be l i eves ,  however, t h a t  i n s t ances  i n  which a low- 
' 

g r a v i t y  environment i s  l i k e l y  t o  be important f o r  materials process ing  
I v i11  be few and s p e c i f i c .  When g rav i ty  has an adverse e f f e c t  on a process ,  

s t ra tagems f o r  dea l ing  with it can usua l ly  be found on e a r t h  t h a t  are I 
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much e a s i e r  and l e s s  expensive than  recourse  t o  space f l i g h t .  
ments on processes  i n  low g r a v i t a t i o n a l  f i e l d s  can be expected t o  provide 
only  incremental  improvement upon terrestr ia l  c a p a b i l i t i e s .  
t hese  s p e c i a l i z e d  c a p a b i l i t i e s  a r e  summarized below i n  " S c i e n t i f i c  Con- 
c lusions . I 1  

Experi-  

Some o f  

Recommendations reZating t o  the nature and scope of NASA's future program 
of experiments on materials processing in space. 

The Committee has not  discovered any examples o f  economically j u s -  
t i f i a b l e  processes  f o r  producing materials i n  space and recommends t h a t  
t h i s  a r ea  of  materials technology not  be emphasized i n  NASA's program. 
The Committee has  i d e n t i f i e d  some a c t i v i t i e s  i n  which experiments i n  
space and on e a r t h  can be expected t o  c o n t r i b u t e  u s e f u l l y  t o  t h e  under- 
s tanding of materials processes  o r  t o  the  p repa ra t ion  o f  spec ia l i zed  ex- 
emplary materials. Research and development along t h e s e  l i n e s  seems ap- 
p ropr i a t e ,  with t h e  i n i t i a t i v e  r e s t i n g  with t h e  p rospec t ive  i n v e s t i g a t o r s .  
The i d e n t i f i c a t i o n  o f  programs f o r  i n v e s t i g a t i o n  must be made by pee r  
review, no t  by t h e  a v a i l a b i l i t y  of funds o r  t h e  need t o  use a space f ac i l -  
i t y .  The Committee has not  t r i e d  t o  conclude what l e v e l  o f  e f f o r t  can 
be j u s t i f i e d  i n  such research ,  bu t  be l i eves  t h a t  t h i s  a c t i v i t y  would n o t  
involve l a r g e  numbers of  i n v e s t i g a t o r s .  The d e f i n i t i o n ,  o rganiza t ion ,  
and adminis t ra t ion  o f  a space program on m a t e r i a l s  were discussed e a r l i e r  
i n  t h i s  r e p o r t  and are summarized under "Administrative Conclusions" 
below. 

The magnitude o f  g r a v i t y  and the  pe r tu rba t ions  t h e r e i n  may be l i m -  
i t i n g  c r i t e r i a  f o r  some materials experiments on board t h e  o r b i t i n g  Space 
Shut t le .  
vec to r  during an experiment w i l l  be e s s e n t i a l  t o  i n t e r p r e t a t i o n  of re- 
s u l t s .  
es t imates  of t h e  g r a v i t y  l e v e l  t h a t  w i l l  p r e v a i l  f o r  materials exper i -  
ments on the  S h u t t l e  and i n  Spacelab, and begin now t o  p lan  f o r  p r e c i s e  
measurements o f  g r a v i t y  h i s t o r i e s  dur ing  materials experiments. I f  i m -  
proved recording accelerometers  o r  o the r  instruments  are  requi red ,  devel-  
opment of  such instruments  should begin without delay.  

In  any event ,  accura te  knowledge of  t h e  h i s t o r y  o f  t h e  g r a v i t y  

The Committee accordingly recommends t h a t  NASA work now t o  r e f i n e  

SCIENTIFIC CONCLUSIONS 

A v a l i d  s c i e n t i f i c  b a s i s  e x i s t s  f o r  performing c e r t a i n  classes of 
experiments on ma te r i a l s  i n  space. The environment o f  low g r a v i t a t i o n a l  
acce le ra t ion  f o r  long t imes o f f e r s  t h e  b e s t  advantage of  t h e  space envi-  
ronment f o r  such experiments. 
as temperature,  l e v e l  of  vacuum, o r  presence of high-energy r a d i a t i o n ,  
can be r e a l i z e d  b e t t e r  and more e a s i l y  on e a r t h .  

Other f a c t o r s  t o  be found i n  space,  such 
. 

The terrestr ia l  sc ience  and technology of materials i s  gene ra l ly  
well understood. 
from appeal t o  a low-gravity environment. 

L i t t l e  expec ta t ion  ex is t s  of a s c i e n t i f i c  breakthrough 
Nevertheless ,  reasonable  
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prospec ts  can be found f o r  u se fu l  work on materials i n  space,  as noted 
above. 
t o  compare r igo rous ly  t h e  l i m i t a t i o n s  on experimentation f o r  t h e  same 
b a s i c  purpose a t  one g and a t  low g, over both s h o r t  and long per iods.  
Furthermore, t h e  l i m i t a t i o n s  imposed upon low g r a v i t y  by f l u c t u a t i n g  
acce le ra t ions  over long per iods  must be  ca re fu l ly  assessed.  F i n a l l y ,  
c r i t i c a l  eva lua t ions  must be made of  t h e  comparative c o s t s  and t h e  r e l a -  
t i v e  l i ke l ihood  o f  success .  

To judge t h e  merits o f  recourse  t o  low g r a v i t y ,  i t  is e s s e n t i a l  

Much c r i t i c a l  a n a l y s i s  and profess iona l  i n t e r a c t i o n  should be de- 

The Committee bel ieves  t h a t  t h i s  environment may 
voted t o  classes of experiments t h a t  appear t o  be appropr i a t e  f o r  a low- 
g r a v i t y  environment. 
be use fu l  i n  addressing phenomena r e l a t e d  t o  f l u i d s ,  inc luding  gases.  
Among phenomena o r  p r o p e r t i e s  t h a t  bear  on materials process ing  and t h a t  
seem t o  merit s tudy  i n  space are 

fundamentals of  convection and o f  coupled convect ive and 
d i f f u s i v e  t r a n s p o r t ;  

convection during phase changes and chemical r e a c t i o n s  
and t h e  i n t e r a c t i o n s  of  convective t r anspor t  wi th  t r a n s -  
formation processes ,  e s p e c i a l l y  those r e spons ib l e  f o r  
micros t ruc tures  of s o l i d  ma te r i a l s ;  

dependence o f  dens i ty  , v i s c o s i t y ,  thermal d i  f f u s i v i  t y  , 
and mass d i f f u s i v i t y  of melts and so lu t ions  on composi- 
t i o n  and temperature,  p a r t i c u l a r l y  a s  in f luenced  by 
buoyancy-driven convection; 

equi l ibr ium p r o p e r t i e s  and dynamic phenomena a t  gas-melt 
and melt-melt  i n t e r f a c e s ,  beginning wi th  sur face  t ens ions  
and i n t e r f a c i a l  t ens ions  as funct ions of temperature,  com- 
p o s i t i o n ,  absorp t ion  of  so lub le  t race  contaminants,  o r  
accumulation o f  meniscus-seeking inso luble  contaminants;  

phenomena a s soc ia t ed  with t h e  i n t e r s e c t i o n s  of f r o n t s  
and menisci  wi th  s o l i d  walls ( f o r  example, edge e f f e c t s  
i n  s o l i d i f i c a t i o n  and combustion) and contac t  angles ,  
wet t ing ,  melt spreading,  and junc t ions  where gas ,  l i q u i d ,  
and s o l i d  meet i n  three-phase contact l i n e s ;  

tes ts  of  t h e o r e t i c a l  models of f l u i d  flow systems t h a t  
experience complicated combinations and d i s t r i b u t i o n s  
of f o r c e s  o r  have complex compositions; and 

parameters  r e l a t e d  t o  i n s t a b i l i t i e s  a s s o c i a t e d  wi th  
c r i t i c a l  phenomena. 

The Committee sees  need t o  emphasize two p o i n t s  t h a t  emerged from 

F i r s t ,  t h e  space environment usua l ly  con t r ibu te s  a t  
t h e  t e s t i n o n y  of i t s  advisors  and from t h e  experience of  materials s tudy 
i n  space t o  da te .  
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l e a s t  as many problems as it so lves .  
convenience, and cos t ,  terrestr ia l  experimentat ion i s  gene ra l ly  s u p e r i o r  
t o  what can be expected i n  space. 
have l i t t l e  value un le s s  i t s  planning i s  founded on s u b s t a n t i a l  ea r th -  
based information and unless  t h e  r e s u l t s  are coupled t o  those  of comple- 
mentary t e r r e s t r i a l  programs. 

In s o p h i s t i c a t i o n ,  r e l i a b i l i t y ,  

Second, space experimentat ion w i l l  

ADMINISTRATIVE CONCLUSIONS 

Federal agencies and indus t ry  have r e s p o n s i b i l i t y  t o  support  t h e  
mater ia l s  s c i ence  and technology germane t o  t h e i r  missions;  it i s  essen- 
t i a l  t h a t  t h e  NASA program on materials be def ined  wi th in  t h e  context  
o f  t h i s  range o f  a c t i v i t i e s .  
t inuous ly  seek advice from a broad community o f  materials s c i e n t i s t s  and 
engineers.  High l e v e l s  o f  e x p e r t i s e  are requi red ,  as are unbiased judg- 
ments. 
independent advisory groups. 
gram should be c l o s e l y  involved i n  i t s  formulat ion.  
mind t h a t  one o f  i t s  proper  r o l e s  i s  t h e  development and opera t ion  o f  
s ingular  f a c i l i t i e s  i n  response t o  and not  independent of  t h e  s c i e n t i f i c  
and technological  community. 

In  developing i t s  program, NASA must con- 

The b e s t  means a v a i l a b l e  are t h e  normal pee r  review system and 

NASA must keep i n  
Poss ib le  u s e r s  o f  t h e  r e s u l t s  of t h e  pro- 

The f i n a l  t es t  of  t h e  merit o f  a space program i n  materials sc ience  
and technology must be t h e  use r  community's judgment on p r i o r i t i e s  f o r  
t h e  resources ava i l ab le .  
on t h i s  consensus. NASA should cont inue t o  develop i t s  t echn ica l  capa- 
b i l i t i e s  i n  space and make them known t o  the  materials community. NASA 
should no t ,  however, presume t o  take  an independent r o l e  i n  the  es tab-  
lishment o f  programs and faci l i t ies  f o r  materials sc i ence  and engineer-  
ing .  

I n  development of  any program, NASA must depend 

With support  from t h e  materials community, NASA should prepare  a 
program p lan  f o r  t h e  nex t  f i v e  years  desc r ib ing  s p e c i f i c  m a t e r i a l s  ac t iv -  
i t i e s  and r e l a t i o n s h i p s  wi th  o t h e r  programs supported by government and 
indus t ry  and providing budgets and t ime tab le s .  
and mater ia l s  engineer ing communities should b e  c l o s e l y  involved i n  t h e  
formulation of t h e  program. 
should be chosen wi th  g r e a t  care  from ear th-based s c i e n t i f i c  and tech-  
nological  work t h a t  c l e a r l y  i n d i c a t e s  t h a t  recourse  t o  t h e  space environ- 
ment might advance t h e  r e s u l t s .  

The materials sc i ence  

The experimental  p a r t s  of t h i s  program 

The mer i t  o f  a program f o r  materials process ing  i n  space w i l l  u l t i -  
mately be t e s t e d  by t h e  p a r t i c i p a t i o n  o f  i n v e s t i g a t o r s  whose support  
comes from indus t ry  o r  from fede ra l  funding agencies o t h e r  than NASA. 
Space f a c i l i t i e s ,  inc luding  t h e  Space S h u t t l e  and Spacelab, if they  are 
v i a b l e  f o r  materials sc i ence  and technology, w i l l  emerge as n a t i o n a l  
f a c i l i t i e s  comparable t o  what i s  a v a i l a b l e  today from t h e  n a t i o n a l  cen- 
ters  f o r  astronomy, magnetism, o r  high energy physics .  The Committee 
v i sua l i zes  two s t ages  i n  t h e  NASA program on materials: 
opment and demonstration, and second, management o f  n a t i o n a l  f ac i l i t i e s .  
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The first s t a g e  might occupy a span of about f i v e  years ,  would r e q u i r e  
ca re fu l  planning,  and would be l imi t ed  t o  s t u d i e s  expected t o  d e l i n e a t e  
c l e a r l y  t h e  p o t e n t i a l s  and l i m i t a t i o n s  of materials experimentat ion i n  
space. 
a small number o f  materials s c i e n t i s t s  and engineers  t o  adequately f u l -  
f i l l  t h e  need f o r  competent program management. 
engineers  might u s e f u l l y  be employed a l s o  i n  t h e  development of  new mate- 
r ia l s  f o r  use  i n  t h e  space program. 

During t h e  second s t age ,  NASA may well have t o  cont inue t o  employ 

These s c i e n t i s t s  and 

In summary, t h e  Committee concludes t h a t  p rospec t s  f o r  us ing  the 
space environment f o r  sc ience  and technology r e l a t e d  t o  ma te r i a l s  process-  
ing  t ake  t h e  form o f  incremental  advantages over  ear th-based processes ,  
r a t h e r  than  breakthroughs i n t o  new science and technology. 
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APPENDIX 

MATERIALS PROCESSING EXPERIMENTS TO DATE 

Mater ia l s  processing experiments performed aboard Apollo, Skylab, 

The t i t l e  shown f o r  each 
Apollo-Soyuz Test P r o j e c t ,  and Space Processing Applicat ions Rocket (SPAR) 
Pro jec t  f l i g h t s  are l i s t e d  i n  t h i s  appendix. 
experiment i s  t h a t  used by NASA i n  i t s  agreement with t h e  p r i n c i p a l  
i n v e s t i g a t o r ( s )  and t h e  numerical designat ion i s  t h a t  ass igned i n  t h e  
NASA experiment-numbering system. The f l i g h t ( s )  dur ing  which t h e  exper i -  
ment was performed and t h e  p r i n c i p a l  i n v e s t i g a t o r ( s )  a r e  noted, followed 
by a b r i e f  d e s c r i p t i o n  of  t h e  experiment o r  i t s  o b j e c t i v e  and t h e  p r i n -  
c i p a l  conclusions.  

References are provided f o r  t h e  reader  who may wish t o  know more 
about t h e  experiment. 
may d i f f e r  from t h e  t i t l e  of  t h e  experiment and t h a t  t h e  au thors  o f  t h e  
r e p o r t  may be o t h e r  than  t h e  p r inc ipa l  i n v e s t i g a t o r s .  
o f  t h e  experiment have been repor ted  in  a s c i e n t i f i c  o r  t echn ica l  j ou r -  
n a l ,  a d d i t i o n a l  r e fe rences  may be given. 

I t  should be noted t h a t  t h e  t i t l e  o f  a r e p o r t  

If t h e  r e s u l t s  

The conclusions a r e  taken from NASA r e p o r t s  on t h e  r e s u l t s  o f  t h e  
experiments.  The Committee has not  examined t h e  v a l i d i t y  of  t h e  conclu- 
s ions .  In  some cases ,  ob jec t ives  and conclusions have been taken verba- 
t i m  from t h e  c i t e d  re ferences ;  o thers  are paraphrased. 

I t  should be noted t h a t  almost one-half of t h e  conclusions c i t e d  
a r e  taken  from summary r epor t s  published less than  one year  a f t e r  t h e  
experiments were performed. 
s i o n s ,  based on f u r t h e r  s tudy  of  t h e i r  d a t a ,  o r  modified t h e i r  e a r l i e r  
conclusions and have r e p o r t s  i n  prepara t ion  p resen t ing  t h e s e  l a t e r  re- 
s u l t s .  The i n t e r e s t e d  reader  should search the  l i t e r a t u r e  o r  con tac t  
t he  experimenter  d i r e c t l y .  

Some experimenters have reached new conclu- 

For convenience, t h e  experiments have been grouped i n t o  t h e  follow- 
i n g  ca t egor i e s :  

Crys t a l  Growth 
S o l i d i f i c a t i o n  (Skylab, Apollo, and Apollo-Soyuz F l i g h t s )  
S o l i d i f i c a t i o n  (SPAR F l i g h t s )  
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Fluid  Dynamics 
Combus t i o n  
Elec t rophores i s  

A t  t h e  time t h i s  r e p o r t  went t o  p re s s ,  a few more sounding rocke t  
experiments had been performed but  t h e i r  r e s u l t s  no t  y e t  publ ished.  
These a r e  l i s t e d  a t  t he  end of t h e  appendix so  t h a t  those  i n t e r e s t e d  
may seek t h e  r e s u l t s  l a te r .  

CRYSTAL GROWTH 

Microsegregation i n  Germanium 
M 559 Skylab 3 September 1973 
J. T. Yue and F. A. Padovani 

To determine i f  an improvement over  con t ro l  c r y s t a l s  grown on t h e  ground 
could be obtained i n  s o l u t e  microsegregat ion f o r  c r y s t a l  growth of semi- 
conductor material i n  a g rav i ty - f r ee  environment. 

Reported Conclusion: S o l i d i f i c a t i o n  of  doped germanium i n  space can 
provide s ix - fo ld  improvement i n  macrosegregation and nea r ly  two-fold 
improvement i n  microsegregat ion f o r  c r y s t a l  growth by t h e  g rad ien t  f r eeze  
method as compared t o  earth-grown con t ro l  c r y s t a l s .  

Reference: 
t i o n , "  John T. Yue and Fred W. Voltmer. 

"Inf luence of  Gravi ty- f ree  S o l i d i f i c a t i o n  on blicrosegrega- 
Proceedings,  Third Space Pro- - 

Skylab Resul t s ,  Vol, 1, NASA M-74-5, George C. 
Center,  June 1974, pp. 375-424. See a l s o  "Inf lu-  

ence of Gravi ty- f ree  S o l i d i f i c a t i o n  on So lu te  Microsegregation," J .  T. 
Yue and F. W .  Voltmer. Journa l  of Crys ta l  Growth 29:329-341 (1975). - 

Growth o f  Spher ica l  Crys t a l s  
M 560 Skylab 3 September 1973; Skylab 4 December 1973 
H. U.  Walter 

To inves t iga t e  t h e  f e a s i b i l i t y  of con ta ine r l e s s  process ing  o f  s i n g l e  
c r y s t a l s  i n  t h e  space environment; t o  ob ta in  information on t h e  s t r u c -  
t u r a l  p e r f e c t i o n  of space-grown c r y s t a l s  as compared t o  samples grown 
on earth; t o  demonstrate t h e  p o t e n t i a l  o f  space f o r  producing homoge- 
neously doped semiconductor material. 

Reported Conclusions: 
by seeded con ta ine r l e s s  s o l i d i f i c a t i o n .  
served, although a l l  i nd ica t ions  p o i n t  t o  e s s e n t i a l l y  no-f luid-f low con- 
d i t i ons .  
less techniqces  appears t o  be f e a s i b l e .  

Highly p e r f e c t  s i n g l e  c r y s t a l s  can be prepared 
Dopant inhomogenities were ob- 

Production o f  homogeneously doped s i n g l e  c r y s t a l s  by conta iner -  
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Reference: "Seeded, Conta iner less  S o l i d i f i c a t i o n  o f  Indium Antimonide," 
H. U. Walter. Skylab Resul ts ,  pp. 257-273. See a l s o  "A Mechanism f o r  
Generation of Pu l sa t ing  Growth and Nonrotational S t r i a t i o n s  dur ing  I n i -  
t i a l  Trans ien t  S o l i d i f i c a t i o n , "  H. U. Walter, Jou rna l  o f  t h e  E lec t ro -  
chemical Soc ie ty  123:1098-1105 (1976) and IIGeneration and Propagation 
of  Defects i n  Indium Antimonide," H. U .  Walter. 
chemical Soc ie ty  124:250-258 (1977). 

7 Journal o f  t h e  Electro- 
- 

Indium Antimonide Crys t a l s  
M 562 Skylab 3 September 1973; Skylab 4 December 1973 
A. F.  Witt and H. C. Gatos 

To confirm t h e  advantages of  t h e  zero-gravi ty  environment; t o  ob ta in  
b a s i c  d a t a  on s o l i d i f i c a t i o n ;  t o  explore t h e  f e a s i b i l i t y  o f  e l e c t r o n i c  
ma te r i a l s  process ing  i n  space.  

Reported Conclusion: The experiment proved unambiguously t h e  uniqueness 
of  zero-gravi ty  condi t ions  f o r  d i r e c t l y  ob ta in ing  fundamental d a t a  i n  
c r y s t a l  growth and segrega t ion  associated with s o l i d i f i c a t i o n ,  

Reference: "Steady S t a t e  Growth and Segregation under Zero Gravi ty:  
InSb," A. F.  W i t t  e t  a l .  Skylab Results,  pp. 275-299. See a l s o  ''Crys- 
t a l  Growth and S t e z y x t a t e  Segregation under Zero Gravi ty :  InSb," A. F. 
W i t t  e t  a l .  
(1975). - 

Journa l  o f  t h e  Electrochemical Soc ie ty  122(2):276-283 - 

I n t e r f a c e  Marking i n  Crys t a l s  
MA 060 ApOllO-SOyuZ J u l y  1975 
H. C. Gatos and A. F. W i t t  

To e s t a b l i s h  under near-zero-gravi ty  condi t ions t h e  absence o r  presence 
of  convection phenomena, t he  su r face  tension of  t h e  melt, microscopic 
growth-rate behavior  during d i r ec t iona l  s o l i d i f i c a t i o n ,  t h e  dopant seg- 
r ega t ion  behavior  and i t s  dependence on t h e  microscopic growth ra te ,  
and t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  s o l i d i f i c a t i o n  system. 

Reported Conclusion: The experiment revealed growth and segrega t ion  
e f f e c t s  prev ious ly  not  observed on ear th  t h a t  could no t  be accounted 
f o r  by e x i s t i n g  experimental  o r  t h e o r e t i c a l  models. 

Reference: 
t r o n i c  Mate r i a l s  Processing: Germanium Crys t a l  Growth with Simultaneous 

"Quan t i t a t ive  Determination o f  Zero-Gravity Ef fec t s  on Elec- 
- 

I n t e r f a c e  Demarcation," H. C. Gatos -- e t  a l .  Apollo-Soyuz Test P ro jec t :  
Composite of MSFC Fina l  Science Report (ASTP Fina l  R e p o r t n A S A  Tech- 
n i c a l  Memorandum TMX-73360, George C. Marshall Space F l i g h t  Center,  

--- 
January 1977, pp. V - 1  t o  V-65. 
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Vapor Growth o f  I V - V I  Compounds 
M 556 Skylab 3 September 1973; Skylab 4 December 1973 
H. Wiedemiier 

To observe and measure changes i n  t h e  mass t r a n s p o r t  ra te  o f  a chemical 
system and i n  the  morphology of  c r y s t a l s  o f  I V - V I  compounds. 

Reported Conclusions : 
p o s i t i v e  e f f e c t s  o f  microgravi ty  on c r y s t a l  q u a l i t y .  
r a t e s  observed were g r e a t e r  than expected i n  t h e  microgravi ty  environ- 
men t . 

The experimental  evidence confirmed t h e  p red ic t ed  
Mass t r a n s p o r t  

Reference: "Vapor Growth of  GeSe and GeTe S ing le  Crys t a l s  i n  Micro- 
gravi ty ,"  11. Wiedemeier -- e t  a l .  
"Crystal Growth and Transport  Rates of GeSe and GeTe i n  Nicrogravi ty  
Environment , I t  H. Wiedemeier -- e t  a l .  
(1975). 

Skylab Resu l t s ,  pp. 235-256. See a l s o  

Journa l  o f  Crys t a l  Growth - 31 : 36-43 

Mixed 1 1 1 - V  Crys ta l  Growth 
M 563 Skylab 3 September 1973; Skylab 4 December 1973 
W .  R. Wilcox and R. A. Lefever 

To t e s t  whether g ra ins  are generated by t h e  compositional v a r i a t i o n s  
a r i s i n g  from hydrodynamic f l u c t u a t i o n s  i n  t h e  melt .  

Reported Conclusions: Concentration p r o f i l e s  and compositional homoge- 
n e i t y  were s t rong ly  inf luenced by t h e  magnitude and d i r e c t i o n  of  g rav i ty .  
Lack o f  convect ive s t i r r i n g  i n  space process ing  l ed  t o  i n i t i a l  composi- 
t i o n a l  t r a n s i e n t s .  A wide v a r i e t y  o f  g ra in  s i z e s  was observed but  with 
no trend ye t  observed. There appears t o  be no l a r g e  advantage t o  space 
processing of  a l l o y s  from t h i s  s tandpoin t .  

Reference: "Direct ional  S o l i d i f i c a t i o n  of InSb-GaSb Alloys , I t  James F.  
Yee -- e t  a l .  
on Crystal Defect Formation i n  Indium Antimonide-Gallium Antimonide 
Alloys," J .  F. Yee -- e t  a l .  Journa l  of  Crys t a l  Growth 30(2):185-192 
(1975). 

Skylab Resul t s ,  pp. 301-374. See a l s o  "Inf luence o f  Gravi ty  

Crystal  Growth i n  Space 
MA 028 ApOllO-SOyuZ J u l y  1975 
M. David Lind 

To inves t iga t e  t h e  growth o f  s i n g l e  c r y s t a l s  of  i n s o l u b l e  substances 
by a process i n  which two o r  more r e a c t a n t  s o l u t i o n s  are allowed t o  d i f -  
fu se  toward each o t h e r  through a reg ion  o f  pure  so lven t .  

Reported Conclusion: 
o f  a novel method of  c r y s t a l  growth, both f o r  producing s u p e r i o r  c r y s t a l s  

The experiment success fu l ly  proved t h e  f e a s i b i l i t y  
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o f  a v a r i e t y  of  compounds and f o r  promoting a b e t t e r  understanding o f  
t h e  theory  o f  c r y s t a l  growth. 

Reference: "Crystal  Growth: Experiment MA 028," M. David Lind. Apollo- 
So uz Test P r o j e c t  Prel iminary Science Report, NASA SP 412, Lyndon B. 
Johnson Space Center,  Houston, Texas, February 1977, pp. 525-582. 
_Y- 

Crys ta l  Growth from t h e  Vapor Phase 
MA 085 Apollo-SOyUZ J u l y  1975 
H. Wiedemeier 

To extend and gene ra l i ze  microgravi ty  c r y s t a l  growth f o r  a c l a s s  of com- 
pounds and t o  c h a r a c t e r i z e  t h e  unexpected gas motion observed on p r i o r  
Sky lab  experiments.  

Reported Conclusions: 
ment i n  s t r u c t u r a l  and chemical homogeneity, s u r f a c e  morphology, and 
bulk p e r f e c t i o n  o f  space-grown mater ia l s  compared t o  ground-based spec i -  
mens. 
were observed. There was exce l l en t  agreement between t h e  r e s u l t s  o f  
t h e  ASTP experiment and those  of Skylab (experiment M 556). 

The r e s u l t s  demonstrated a cons iderable  improve- 

Mass t r a n s p o r t  rates g r e a t e r  than those  p red ic t ed  by p a s t  models 

Reference: "Crystal  Growth from t h e  Vapor Phase," H. Wiedemeier e t  a l .  
ASTP F ina l  Report ,  pp. V I I - 1  t o  VII-40. 
p o r t  Rates of  Mixed I V - V I  Compounds i n  Microgravity," II. Wiedemeier 
e t  a l .  Jou rna l  o f  t h e  Electrochemical Soc ie ty  1 2 4 :  1095-1102 (1977). 

-- 
See a l s o  "Morphology and Trans- 

-- - 
Mu1 t i p l  e Materials Me1 t i n g  

V. S.  Zemskov, V. N. Kubasov, I. N. Belokurova, A. N .  Ti tkov,  
I .  L .  Shulpina,  V. I. Safarov, and N. B. Guseva 

MA 150 ApOllO-SOyUZ J u l y  1975 

To s tudy  t h e  p o s s i b i l i t y  of us ing  zero-g condi t ions  f o r  ob ta in ing  s o l i d  
s o l u t i o n  monocrystals with uniformly d i s t r i b u t e d  components. 

Reported Conclusions: 
GeSi s o l i d  s o l u t i o n  were obtained with and without  seeding by means of 
d i r e c t i o n a l  c r y s t a l l i z a t i o n .  During melting and c r y s t a l l i z a t i o n  under 
zero-g condi t ions ,  convect ive mixing was e i t h e r  absent  o r  so  n e g l i g i b l e  
t h a t  i t  d id  not  affect  the  process.  

Under zero-g condi t ions,  monocrystals of  Sb-doped 

Reference: "Germanium-Silicon Sol id  Solut ions , I 1  V. S. Zemskov -- e t  a l .  
ASTP F ina l  Report, pp. IX-1 t o  IX-36. See a l s o  "Proceedings (Doklady) 
o f  t h e  Academy o f  Sciences o f  t h e  USSR," Vol. 233, March 11, 1977, 
pp. 341-344 ( i n  Russian).  
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SOLIDIFICATION (SKYLAB, APOLLO, AND APOLLO-SOYUZ FLIGHTS) 

Composite Casting 
Apollo 14 January 1971 
I. C. Yates, Jr., J. L. Reger, W. H. S t e u r e r ,  and R. Fabiniak 

To obtain pre l iminary  d a t a  on t h e  processes  of mel t ing ,  mixing, and 
s o l i d i f i c a t i o n  of composite materials i n  space.  

Reported Conclusions: 
t h e i r  purpose i n  t h a t  material s t r u c t u r e s  were produced t h a t  cannot be 
dupl icated on e a r t h .  Where d i spe r san t s  such as f i b e r s ,  p a r t i c l e s ,  o r  
gases had been added t o  t h e  matr ix ,  enhanced d i spe r s ion  and d i s t r i b u t i o n  
were found i n  t h e  space-processed samples. Normally immiscible mixtures  
showed s t a b l e  d i spe r s ions  una t t a inab le  on e a r t h .  

Low-g composite cas t ing  demonstrations served 

Reference: Apollo 14 Composite Cast ing Demonstration F ina l  Report, 
I .  C. Yates, Jr. NASA Technical Memorandum TMX-64641, George C. Marshall  
Space F l igh t  Center, October 1971. 

Metals ; e l t i n g  
M 551 S y l ab  2 June 1973 
R. M. Poorman and E.  C. McKannan 

To study t h e  behavior of molten metal i n  low g r a v i t y  with p a r t i c u l a r  
a t t e n t i o n  t o  t h e  s t a b i l i t y  o f  t h e  molten puddle and i t s  i n t e r f a c e  wi th  
t h e  s o l i d i f i e d  metal; t o  cha rac t e r i ze  metals s o l i d i f i e d  i n  low g r a v i t y  
with regard t o  g ra in  s ize ,  o r i e n t a t i o n ,  and subgrain p a t t e r n s ;  t o  d e t e r -  
mine t h e  f e a s i b i l i t y  of  j o in ing  and cas t ing  metals i n  space.  

Reported Conclusions: I t  i s  f e a s i b l e  t o  do e l e c t r o n  beam welding, cu t -  
t i n g ,  and melt ing i n  the  low-gravity environment of  space.  
i n  t h e  space specimens was smaller than  had been observed on e a r t h .  
The grain growth was more equiaxed i n  space than  on e a r t h .  

Grain s i ze  

Reference: "Skylab M 551 Metals Edelting Experiment," E.  C. McKannan 
and R. P4. Poorman. Skylab Resul t s ,  pp. 85-100. 

Exothermic Bra zing 
M 552 Skylab 2 June 1973 
J .  R. Williams and C. M. Adams 

To evaluate  brazing as a tube- jo in ing  technique f o r  t h e  assembly and 
r e p a i r  of hardware i n  space and t o  s tudy  t h e  spreading,  mixing, and cap- 
i l l a r y  ac t ion  of  molten braze material i n  near-zero g rav i ty .  

Reported Conclusions: 
fu lnes s  of brazing. 

The absence of  g r a v i t y  g r e a t l y  extends t h e  use- 
The s u r f a c e  t ens ion  fo rces  d r i v i n g  c a p i l l a r y  flow 
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predominate i n  a zero-gravi ty  environment. Liquid-vapor boundary s u r -  
faces  (menisci) and t h e  flow of l i q u i d  metal d r iven  by s u r f a c e  t ens ion  
a r e  i n  c l o s e  conformance with what had been p red ic t ed  f o r  zero-gravi ty  
environment. The presence o r  absence of g r a v i t y  has no observable  ef-  
f e c t  on t h e  mechanism of  a l l o y  s o l i d i f i c a t i o n .  
d e t a i l s  as d e n d r i t i c  conf igura t ion  and e u t e c t i c  s t r u c t u r e  were t h e  same 
i n  space as on ea r th .  The Skylab specimens exh ib i t ed  fewer and smaller 
shr inkage de fec t s  than the  comparative ground-processed c h a r a c t e r i z a t i o n  
samples, i n d i c a t i n g  t h a t  g r a v i t y  forces  a r e  s i g n i f i c a n t  during t h e  cap- 
i l l a r y  movement o f  t he  braze a l loy .  The oxide bui ld-up on both t h e  Sky- 
l a b  braze  a l l o y  and t h e  s u b s t r a t e  mater ia l s  was less than  on ground-based 
specimens, i n d i c a t i n g  t h e  adequacy o f  u t i l i z i n g  t h e  space vacuum and 
i t s  i n f i n i t e  pumping capac i ty  f o r  brazing opera t ions  of t h i s  type.  

Such mic ros t ruc tu ra l  

Reference: "Skylab Experiment M 552 Exothermic Brazing," J. R .  Williams. 
Skylab Resul t s ,  pp. 33-84. 

Sphere Forming 
M 553 Skylab 2 June 1973 
E.  A. llasemeyer and D. J .  Larson, Jr. 

To s tudy t h e  e f f e c t s  o f  weight lessness  i n  con ta ine r l e s s  s o l i d i f i c a t i o n  
proc,csses of  four  face-centered cubic  materials. 

Reported Conclusions: Typica l ly ,  t h e  one-g specimens had a s p h e r i c i t y  
(Rmax/Rmin) of  1.28, whereas t h e  f l i g h t  samples were t y p i c a l l y  1 .01  t o  
1.04, a s u b s t a n t i a l  enhancement due t o  t h e  reduct ion  i n  g r a v i t y .  The 
record o f  t e r r a c i n g  was exce l l en t  although no t  unprecedented i n  ea r th -  
based work. Although thermal con t ro l  has previous ly  been considered 
important ,  p re s su re  con t ro l  may prove t o  be an important cons idera t ion  
as well. As t h e  p re s su re  head i s  released ( in  low-g), low p res su re  
phase r e a c t i o n s  may occur i n  t h e  bulk t h a t  could not  occur  otherwise.  
These r e a c t i o n s  a r e  s u f f i c i e n t l y  r a r e  t e r r e s t r i a l l y  as t o  be unnamed. 

Reference: "Skylab M 553 Sphere Forming Experiment," D. J. Larson, Jr. 
Skylab Resul t s ,  pp. 101-113. 

S i l v e r  Grids Melted i n  Space 
M 565 Skylab 3 September 1973 
A. Deruyt te re  

To make a pre l iminary  s tudy of t he  behavior of  porous ma te r i a l  when 
melted and r e s o l i d i f i e d  i n  weight less  condi t ion .  

Reported Conclusions (Provis iona l ) :  Most o f  t h e  o r i g i n a l  po ros i ty  i n  
t h e  samples disappeared during the  melting s t age .  The shape and su r face  
condi t ion  of  a sample melted and s o l i d i f i e d  i n  space were not  determined 
only hy su r face  tension.  Leveling-out o f  concent ra t ion  g rad ien t s  appeared 
t o  be slow i n  t h e  molten metal when gravity-induced convection was absent .  
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Reference: "Si lver  Samples Melted i n  Space, Skylab Experiment M 565," 
A. Deruyttere -- e t  a l .  Skylab Resul t s ,  pp. 159-202. 

Immiscible Alloy Compositions 
M 557 Skylab 3 September 1973; Skylab 4 December 1973 
J. L. Reger 

To study p o t e n t i a l l y  u s e f u l  immiscible a l l o y s  us ing  t h e  M 512/518 Mult i -  
purpose E l e c t r i c  Furnace. 

Reported Conclusions: Low-gravity processed specimens exhib i ted  homog- 
en iza t ion  and mic ros t ruc tu ra l  appearances b e t t e r  than  t h e  one-g c o n t r o l  
specimens. 
immisc ib i l i ty  can provide compositions e x h i b i t i n g  unusual metal lographic  
and e l e c t r o n i c  behavior.  

Low-gravity processing of  materials having l i q u i d  o r  s o l i d  

Reference: ttExperiment No. M 557, Immiscible Alloy Compositions," J. L. 
Reger, Skylab Resul t s ,  pp. 133-158. 

A l k a l i  Hal ide Eu tec t i c s  
M 564 Skylab 3 September 1973 
A. S. Yue 

To prepare f i b e r - l i k e  NaC1-NaF e u t e c t i c s  with continuous NaF f i b e r s  
embedded i n  a N a C l  matr ix;  t o  examine t h e  e u t e c t i c  mic ros t ruc tu re ;  t o  
measure t h e  r e l evan t  o p t i c a l  p r o p e r t i e s  o f  space-grown and earth-grown 
eu tec t i c s .  

Reported Conclusions: Continuous NaF f i b e r s  were produced i n  t h e  Skylab 
experiments. Success i n  producing continuous f i b e r s  was due t o  t h e  ab- 
sence o f  convection cu r ren t  i n  t h e  l i q u i d  during s o l i d i f i c a t i o n .  Larger 
t ransmi t tance  over a wider wavelength was obtained from the  Skylab-grown 
ingo t s ,  

Reference: "Halide Eu tec t i c  Growth," A. S. Yue and J. G. YU. Skylab 
Resul ts ,  pp. 469-489. 

Whisker-Reinforced Composites 
M 561 Skylab 3 September 1973; Skylab 4 December 1973 
Tomoyoski Kawada 

To obtain Ag and S i c  whisker composites with high d e n s i t y  and uniform 
d i s t r i b u t i o n  o f  whiskers. 

Reported Conclusions: 
dens i ty  r a t i o  var ied  when the  sample was melted and pressur ized .  
a t i o n s  in  d i s t r i b u t i o n  dens i ty  o f  whiskers occurred i n  ground-based t e s t  
samples but  not  i n  Skylab samples. 

In  both t h e  Skylab and ground-based samples, t h e  
Vari- 

The microhardness of ear th-based 
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samples was smaller than f o r  t h e  Skylab samples and showed l a r g e  f l u c -  
t u a t i o n s  along t h e  a x i a l  d i r e c t i o n  as compared t o  t h e  Skylab samples. 

Reference: ! 'Preparation of  S i l i c o n  Carbide Whisker Reinforced S i l v e r  
Composite Material i n  a Weightless Environment, Skylab Experiment M 561," 
Tomoyoski Kawada e t  a l .  Skylab Resul t s ,  pp. 203-233. -- 

Copper-Aluminum E u t e c t i c  
M 566 Skylab 3 September 1973; Skylab 4 December 1973 
Earl A. Hasemeyer 

To determine i f  an improved s t r u c t u r e  could be grown i n  t h e  absence 
, of  gravi ty- induced thermal convection. 

Reported Conclusion: 
t o  ground-based specimens with respec t  t o  d e f e c t  spacing i n  lamellar 
widths by 1 2 %  and i n  f a u l t  dens i ty  by 20%. 

Specimens processed i n  zero g r a v i t y  were supe r io r  

Reference: 
E. A. Hasemeyer e t  a l .  Skylab Resul t s ,  pp. 457-467. 

"Skylab Experiment M 566 Copper-Aluminum Eutec t ic , "  
-- 

Monotectic and Syn tec t i c  Alloys 
MA 044 ApOllO-SOyuZ J u l y  1975 
c. Y. Ang 

To i n v e s t i g a t e  t h e  e f f e c t s  o f  weightlessness on t h e  mel t ing  and s o l i d i -  
f i c a t i o n  o f  two material systems, lead-zinc and aluminum antimonide. 

Reported Conclusions: Liquid-s ta te  homogenization o f  p o l y c r y s t a l l i n e  
multi-phase AlSb a t  low g r a v i t y  produced major improvements i n  macro- 
s cop ic  and microscopic homogeneity. 
t h a t  t h e r e  i s  s i g n i f i c a n t  inaccuracy i n  t h e  publ ished phase diagram f o r  
Pb-Zn. 

1 

The experiment with Pb-Zn suggested 

Reference: "Monotectic and Syn tec t i c  Alloys," L. L. Lacy and C. Y. Ang. 
ASTP F ina l  Report, pp. IV-1 t o  IV-51. 

Zero-G Processing of Magnets 

D. J. Larson, Jr. 
MA 070 ApOllO-SOyUZ J u l y  1975 

To t e s t  the  e f f e c t  o f  t h e  reduct ion  of g r a v i t a t i o n a l l y  dependent elemen- 
t a l  segrega t ion  and convection on high coerc ive  s t r e n g t h  magnetic com- 
p o s i t e s .  

Reported Conclusions: F lu id  s t a t i c  conf igura t ions  i n  low g r a v i t y  were 
apprec iab ly  d i f f e r e n t  from those  i n  one g b u t  were found t o  agree well 
with theory.  Bismuth undergoes a l iqu id  phase t r a n s i t i o n  with l a r g e  

65 



hys te re s i s  a t  988'K on hea t ing  and 858'K on cool ing.  
coercive s t r eng th  of as-grown low-g MnBi/Bi e u t e c t i c  samples g r e a t l y  
exceeds any value previous ly  repor ted  f o r  t h i s  magnetic composite. The 
s o l i d i f i c a t i o n  prociuct from t h e  o r b i t a l  p rocess ing  of  t h e  Bi/MnBi face ted  
rod e u t e c t i c  d i f f e r s  s i g n i f i c a n t l y  i n  p a r t i c l e  numbers and s i z e  d i s t r i -  
but ion from equ iva len t ly  processed terrestr ia l  samples. 

The i n t r i n s i c  

Reference: 
Larson, Jr. ASTP Fina l  Report, pp. V I - 1  t o  VI-53. 

"Zero-G Processing of  Magnets: Experiment MA 070," D. J. 

Sodium Chloride-Lithium Fluor ide  Eu tec t i c  
MA 131 ApOllO-SOyuZ J u l y  19/5 
A. S. Yue 

To prepare f i b e r - l i k e  LiF-NaC1 e u t e c t i c  with continuous L i F  f i b e r s  em- 
bedded i n  t h e  N a C l  mat r ix  and t o  make an a n a l y s i s  o f  t h e  ma te r i a l .  

Reported Conclusions : 
por t ion  o f  t h e  N a C l  mat r ix  t h a t  had been r e s o l i d i f i e d  u n i d i r e c t i o n a l l y  
i n  a space environment were produced. 
wavelength and b e t t e r  image t ransmission were obtained f o r  t r ansve r se  
sec t ions  o f  t h e  ASTP-grown ingots .  

Continuous L i F  f i b e r s  r e g u l a r l y  arranged i n  a 

Larger t ransmi t tance  over  a wider 

Reference: 
A. S .  Yue e t  a l .  ASTP Fina l  Report, pp. VIII-1 t o  VIII-27. 

"Zero Gravi ty  Growth o f  NaC1-LiF E u t e c t i c  Experiment MA 131 ,I1 

-- 

SOLIDIFICATION (SPAR FLIGHTS) 

Lead -Antimony Eut ec t i c 
74-5 SPAR-I December 1975; SPAR-I1 May 1976 
Robert B. Pond and J. W. Winter, Jr. 

To a sce r t a in  whether i t  i s  poss ib l e  t o  g e t  a f a i t h f u l  and complete eu- 
t e c t i c  s t r u c t u r e  i n  88.8 Pb-11.2 Sb i n  microgravi ty .  

Reported Conclusions: The dual  primary c r y s t a l l i z a t i o n  products  are 
t h e  r e s u l t  o f  thermal supercool ing i n  t h e  Pb-Sb a l l o y s  of  SPAR-I and 
SPAR-11. 
t h e  SPAR-I and SPAR-I1 specimens caused t h e  c r y s t a l l i z a t i o n  products  
t o  be homogeneously d ispersed .  
25 g, 280 g and 1000 g) produced more e r r a t i c  d i spe r s ion  of t h e  Pb 
dendr i tes .  

The microgravi ty  f i e l d  experienced dur ing  s o l i d i f i c a t i o n  of 

A l l  o t h e r  g r a v i t y  f i e l d s  s tud ied  (1 g,  

Reference: "Space S o l i d i f i c a t i o n  of  Pb-Sb Eu tec t i c :  Experiment 74-5," 
Robert Pond e t  a l .  
SPAR-I1 F ina l  Report, TMX-78125, George C. Marshall  Space F l i g h t  Center ,  
November 1977, pp. 111-1 t o  111-29. See a l s o  same t i t l e ,  Robert B. Pond 
e t  a l .  Space Processing Applicat ions Rocket P r o j e c t :  SPAR-I F ina l  
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Report,  NASA TMX-3458, George C. Marshall Space F l i g h t  Center ,  December 
1976, pp. 1-1 t o  1-31. 

Foams from Spu t t e r -  Deposi t ed Metals 
74-10 SPAR-I December 1975; SPAR-I1 May 1976 
J. W. Pa t t en  and E .  N .  Greenwell 

To produce metal foam materials from sput te red  metal depos i t s .  

Reported Conclusions: (SPAR-I) Metal foam materials were produced i n  
a zero-gravi ty  environment. Data were obtained t h a t ,  i n  combination 
with d a t a  from a r e p e t i t i o n  on SPAR-11, were expected t o  revea l  some 
effects o f  g rav i ty  on formation of  metal foams as compared with metal 
foams produced on e a r t h .  The d a t a  ind ica ted ,  i n  a pre l iminary  way, t h e  
p o t e n t i a l  f o r  v a r i a t i o n  i n  foam s t ruc tu re .  (SPAR-11) In t h e  t h i c k e s t  
samples foamed i n  zero-gravi ty ,  more bubble coarsening and a l a r g e r  void 
volume f r a c t i o n  were observed with increas ing  time above t h e  mel t ing  
po in t .  Effects of  oxide s c a l e  were pronounced and i n h i b i t e d  ob ta in ing  
k i n e t i c  information on foam formation. 

Reference: " F e a s i b i l i t y  of Producing Closed-Cell Metal Foams i n  a Zero- 
Gravi ty  Environment From Sputter-Deposited I n e r t  Gas-Bearing Metals and 
Alloys: Experiment 74-10," J. W. Pat ten and E. N.  Greenwell. SPAR-I 
F ina l  Report, pp. 11-1 t o  11-62. See a l so  same t i t l e ,  J. W. Pa t ten  and 
E. N .  Greenwell. SPAR-I1 F ina l  Report, pp. I V - 1  t o  IV-46. 

P a r t i c l e - I n t e r f a c e  I n t e r a c t i o n s  
74-15 SPAR-I December 1975 
Donald R. Uhlmann 

To s tudy  t h e  i n t e r a c t i o n  of  second-phase p a r t i c l e s  with a s o l i d i f i c a t i o n  
f r o n t .  

Reported Conclusion: 
i n s i g h t  it provided -- no t  d i r e c t l y  i n t o  t h e  behavior  of  second-phase 
p a r t i c l e s  a t  a s o l i d i f i c a t i o n  f r o n t ,  but i n t o  materials and environmental 
f a c t o r s  important i n  e l u c i d a t i n g  t h e  phenomena from rocket  experiments. 
(Repeated on SPAR-IV, June 1977, r e s u l t s  no t  y e t  repor ted . )  

The p r i n c i p a l  value of  t h e  experiment was t h e  

Reference: "Uniform Dispersions o f  C r y s t a l l i z a t i o n  Processing: Experi- 
ment 74-15,'' Donald R. Uhlmann. SPAR-I F ina l  Report ,  pp. 111-1 t o  
111-40. 

Dendrite Remelting and Macrosegregation 
74-21 SPAR-I December 1975; SPAR-I1 May 1976 
M. H. Johnston and C. S. Griner 

To observe t h e  growth o f  dendr i t e s  i n  t h e  columnar s o l i d i f i c a t i o n  reg ion  
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i n  order  t o  determine t h e  in f luence  o f  grav i ty-dr iven  flow on t h e  forma- 
t i o n  of  t h e  equiaxed zone. 

Reported Conclusions: 
only four  n u c l e i  grew t o  form t h e  complete cas t ing .  
flowing c r y s t a l s  o r  v i s i b l e  dendr i t e  remelt ing.  
allowed symmetrical dendr i t e  growth i n t o  t h e  f l u i d .  Some necking o f  
secondary arms occurred,  bu t  no coarsening o r  f ragmentat ion r e s u l t e d .  
The growth r a t e  o f  t h e  i n t e r f a c e s  was less than  t h a t  of  i nd iv idua l  den- 
d r i t e s .  
(SPAR-11) The absence o f  sample s o l i d i f i c a t i o n  dur ing  t h e  pe r iod  o f  low- 
g rav i ty  f l i g h t  precluded achieving t h e  experiment o b j e c t i v e s .  

(SPAR-I) When NH4C1 was s o l i d i f i e d  i n  low g r a v i t y ,  
There were no f r e e -  

The lack of  f l u i d  flow 

Tota l  growth was columnar with no equiaxed zone being formed. 

Reference: "The Direct Observation o f  S o l i d i f i c a t i o n  as a Function 
of  Gravity Levels: Experiment 74-21," M. H. Johnston and C. S. Griner .  
SPAR-I F ina l  Report, pp. V - 1  t o  V-19; "The Direct Observation o f  Dendrite 
Remelting and Macrosegregation: Experiment 74-21," M. H. Johnston and 
C. S. Griner.  SPAR-I1 F ina l  Report, pp. V-1  t o  V-13. See a l s o  Metal- 
l u r g i c a l  Transact ions - 8(A) :77-82 (1977). 

Thoria Dispersed Magnesium 
74-34 SPAR-I December 1975; SPAR-I1 May 1976 
Louis Raymond and Choh-Yi Ang 

To demonstrate achievement o f  optimum d i s t r i b u t i o n  o f  d i spersed  t h o r i a  
p a r t i c l e s  i n  an Mg ma t r ix  upon melt ing and s o l i d i f i c a t i o n  i n  s h o r t  dura- 
t i o n  a t  a low-gravity l e v e l .  

Reported Conclusions: (SPAR-I) Low-gravity effects  cont r ibu ted  t o  t h e  
soundness of  t h e  cas t ing .  Optimum d i s t r i b u t i o n  of  d i spe r so ids  was no t  
achieved. (SPAR-11) U t i l i z i n g  t h e  g e t t e r i n g  ac t ion  of  Th metal i n  t h e  
Th-MgO-Mg melt, low-gravity effects cont r ibu ted  t o  s i g n i f i c a n t l y  g r e a t e r  
uniformity i n  t h e  d i s p e r s i o n  of heavy t h o r i a  p a r t i c l e s  and g r e a t e r  hard- 
ness  than the  ear th-processed counterpar t s .  
cas t ings  was a l s o  observed. 

Soundness o f  t h e  low-gravity 

Reference: 
Experiment 74-34," Louis Raymond and C. Y .  Ang. 
pp. V I - 1  t o  VI-34. See a l s o  same t i t l e ,  L. Raymond and C. Y.  Ang. 
SPAR-I1 F ina l  Report, pp. VII-1 t o  VII-51. 

"Casting Dispersion-Strengthened Composites a t  Zero Gravi ty:  
SPAR-I F ina l  Report, 

Contained P o l y c r y s t a l l i n e  S o l i d i f i c a t i o n  
74-37 SPAR-I December 1975 
John M. Papazian and Theodoulos Z. Kattamis 

To i n v e s t i g a t e  t h e  effect  of  low g r a v i t y  on t h e  width of a s o l u t e  en- 
r iched  zone i n  p o l y c r y s t a l l i n e  metall ic s o l i d i f i c a t i o n .  
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Reported Conclusions: 
l i q u i d  i n t e r f a c e  was most l i k e l y  the  s o l u t e  enr iched  zone and appeared 
t o  become wider i n  t h e  f l i g h t  specimen. 
terface i n  t h e  f l i g h t  specimen, t h e  smaller g r a i n  size,  t h e  equiaxed 
g r a i n  morphology, and t h e  l a r g e r  average macroscopic growth ra te  were 
a t t r i b u t e d  t o  p a r a s i t i c  nuc lea t ion  ahead of t h e  s o l i d - l i q u i d  i n t e r f a c e .  
(Addit ional  experiment on SPAR-IV, June 1977, r e s u l t s  no t  y e t  repor ted . )  

A darker  green layer  observed ahead o f  t h e  s o l i d -  

The i r r e g u l a r  shape of t h e  i n -  

Reference: 
Experiment 74-37," J. M. Papazian and T. Z .  Kattamis. SPAR-I F ina l  
Report, pp. VIII-1 t o  VIII-21. 

Yon ta ined  P o l y c r y s t a l l i n e  S o l i d i f i c a t i o n  i n  Low Gravi ty:  

Aluminum-Indium Alloys 
74-62 SPAR-I1 May 1976 
H. Ahlborn and K. Lohberg 

To determine i f  a l l o y s  o f  d i f f e r e n t  compositions e x h i b i t  d i f f e r e n t  s t r u c -  
t u r e s  depending on t h e  sepa ra t ion  mechanism. 

Reported Conclusions: 
information about t he  decomposition of t he  homogeneous melt i n t o  two 
immiscible melts. 
of  s e p a r a t i o n  o f  t h e  two phases i n t o  an Al-r ich reg ion  and an In- r ich  
reg ion  n o t  observed with samples t r ea t ed  t h e  same way on ea r th .  
b e r  o f  ques t ions  have been r a i s e d  t h a t  r e q u i r e  f u r t h e r  experiments. 

The f l i g h t  samples d id  not  provide  any r e l i a b l e  

Unexpected information was obta ined  about t h e  process  

A num- 

Reference : "Segregation and So 1 i d i f  i cat ion 
Alloys Under Zero Gravi ty  Conditions," Karl 
F ina l  Report, pp. VIII-1 t o  VIII-44. 

of  Liquid Aluminum-Indium 
Lohberg e t  a l .  SPAR-I1 -- 

Dispersion Strengthened Pb-Ag Alloys 
74-63 SPAR-I December 1975 
Werner Heye 

To produce a second o rde r  o r  t h i r d  order  superconductor i n  t h e  form of 
a mixture  of a f irst  o rde r  superconductor ( lead)  and a normal e l e c t r i c a l  
material ( s i l v e r ) .  

Reported Conclusion: A t r a n s i t i o n  of a f irst  o rde r  superconductor t o  
a second o rde r  superconductor i n  t h e  form of  a mixed s t a t e  took p l a c e  
i n  t h e  f l i g h t  sample only.  

Reference: 
n e t i c  Hard Superconductors: Experiment 74-63," W. Heye and M. Klemm. 
SPAR-I F ina l  Report, pp. IX-1 t o  IX-22. 

!!Preparation o f  a Spec ia l  Alloy Under Zero-Gravity f o r  Mag- 

69 



Agglomeration i n  Immiscible Liquids 
74-30 SPAR-I1 May 1976 
S. H. Gelles and A. J. Markworth 

To gain an understanding o f  t h e  in f luence  o f  g r a v i t y ,  cool ing  ra te ,  
and composition on t h e  s t r u c t u r e  o f  l iquid-phase immiscible systems. 
To determine t h e  effect  o f  g r a v i t y  on t h e  s t r u c t u r e  o f  two aluminum 
a l loys  when cooled through t h e  m i s c i b i l i t y  gap a t  a con t ro l l ed  rate.  

Reported Conclusions: An unexpected type  o f  macros t ruc ture  r e s u l t e d  
from processing t h e  A1-40 weight percent  In and A1-70 weight percent  
In  samples i n  space. The morphological evolu t ion  has been i n t e r p r e t e d  
i n  terms of f l u i d  flow occurr ing  i n  t h e  low-gravity environment. 
flow a t  low g r a v i t y  can arise from numerous sources .  O f  t h e  sources  
analyzed, thermocapi l la ry  convection and convent ional  convection are 
probably ac t ive .  
ab ly  is important.  
appear t o  make an important cont r ibu t ion .  
o f  A 1  and In i n  a low-g environment has been ca l cu la t ed  on t h e  b a s i s  
o f  known su r face  energ ies  of  t h e  components and assumed va lues  of t h e  
i n t e r f a c i a l  energy based on those o f  similar systems. 
cons i s t ing  o f  an annular  r i n g  o f  In  surrounding an Al-rich core  i s  p re -  
d ic ted  and agrees  c l o s e l y  with t h e  observa t ions  i n  t h e  p re sen t  system 
as well as with some p a s t  r e s u l t s .  

F lu id  

Cap i l l a ry  flow has as y e t  n o t  been analyzed but  prob- 
Residual f l u i d  motion due t o  rocket  s p i n  does no t  

The equi l ibr ium conf igu ra t ion  

A conf igura t ion  

Reference: "Agglomeration i n  Immiscible Liquids:  Experiment 74-30," 
S. H. Gel les  and A. J. Markworth. SPAR-I1 F ina l  Report, pp. V I - 1  t o  
VI-53. 

F L U I D  DYNAMICS 

Heat Flow and Convection 
Apollo 14 January 1971 
T. C. Bannister,  B. R. Facemire, and P. G. Grodzka 

To demonstrate t h e  combined e f f e c t  o f  va r ious  fo rces  on t h e  kind and 
magnitude of  f l u i d  flows t h a t  occur  i n  a c t u a l  f l i g h t .  

Reported Conclusions : 
t he  t h e o r e t i c a l  p r e d i c t i o n  t h a t  s u r f a c e  t ens ion  alone can cause c e l l u l a r  
convection. 
s u s t a i n  s t e e p e r  temperature g rad ien t s  than  they  can under one-g condi- 
t i o n s .  
con t ro l l ed  thermal environments could be more e a s i l y  accomplished i n  
space.  
u id  i s  subjec ted  t o  a temperature o r  concent ra t ion  g rad ien t ,  s i z a b l e  
convection t a n  be assumed under Apollo 14 environmental  condi t ions .  

The flow p a t t e r n  experiment confirmed conclus ive ly  

Contained f l u i d s  under nominally zero-g environments can 

Therefore ,  manufacturing processes  t h a t  depend on c a r e f u l l y  

I n  any contemplated process  i n  which a free o r  uncontained l i q -  
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Reference: 
, George C. Marshall  Bannis ter .  NASA Technical Memorandum Th4X-64735 

Space F l i g h t  Center,  March 1973. See a l so  "Heat Flow and Convection 
Demonstration Experiments Aboard Apollo 14,Il P.  G. Grodzka and T. C. 
Bannis ter .  Science 176:506-508 (May 1972). 

Heat Flow and Convection Demonstration (Apollo 14 ) ,  T. C. - --7 

- 

Heat Flow and Convection 
Apollo 17  December 1972 
T. C. Bannis ter ,  B. R. Facemire, P. G. Grodzka, L. W. SpradleY, 
S. V. Bourgeois, and R. 0. Hedden 

To demonstrate t h e  combined e f f e c t s  o f  var ious fo rces  on t h e  kind and 
magnitude o f  f l u i d  flows t h a t  occur i n  ac tua l  f l i g h t  us ing  equipment 
o f  improved design over t h a t  used i n  the Apollo 14 f l i g h t .  

Reported Conclusions: 
convection ce l l s  agreed f a i r l y  well with those  p red ic t ed  by l i n e a r  ana l -  
y s i s  o f  sur face- tens ion-dr iven ,  c e l l u l a r  convection. Convection 
occurred at lower temperature grad ien ts  i n  low g r a v i t y  than  i n  one g. 
Sur face  t ens ion  and g r a v i t y ,  t h e r e f o r e ,  apparent ly  do n o t  r e i n f o r c e  each 
o t h e r  i n  a manner p red ic t ed  by one ana lys i s  o f  c e l l u l a r  convection. No 
s i g n i f i c a n t  convection was observed i n  the  r a d i a l  o r  l i n e a l  hea t ing  ex- 
periments.  
technique and allow t h e  conclusion t h a t  t h e  convection observed i n  t h e  
Apollo 14 r a d i a l  and zone c e l l s  w a s  probably caused by t h e  experimental  
apparatus  and spacec ra f t  v ib ra t ions .  

The s ize  o f  t h e  observed sur face- tens ion-dr iven  

The da ta ,  however, v a l i d a t e  t h e  accuracy o f  t h e  measuring 

Reference: 
Analyses Resul t s ,  T. C. Bannis ter  e t  al. NASA Technical  Memorandum TMX- 
64772, George C. Marshall  Space F l i g h t  Center,  J u l y  1973. 
"Heat Flow and Convection Experiments Aboard Apollo 17," P. G.  Grodzka 
and T. C. Bannis ter .  Science 187:165-167 (January 1975). 

Apollo 17 Heat Flow and Convection Experiments F ina l  Data -- 
-- 

See a l s o  

- 

Radioact ive Tracer  Di f fus ion  
M 558 Skylab 3 September 1973 
A. 0. Ukanwa 

To determine t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t s  f o r  l i q u i d  z inc  i n  a con- 
vec t ion - f r ee  environment and t o  es t imate  t h e  reduct ion  i n  convect ive 
mixing i n  space as compared t o  on ea r th .  

Reported Conclusions: Radioactive isotopes can be s u c c e s s f u l l y  used 
f o r  experiments i n  space t o  s tudy l i qu id  metal d i f fus ion .  
a r i s i n g  from convection i n  l i q u i d s  during mass t r a n s f e r  on e a r t h  may 
be avoided o r  minimized by u t i l i z i n g  a zero-g environment. 

Complications 

Reference: "Radioactive Tracer Diffusion," A. 0. Ukanwa. Skylab Re- 
s u l t s ,  p ~ .  425-456. 

71 



Surface Tension Induced Convection 
MA 041 Apollo-Soyuz J u l y  1975 
R. E. Reed, W. Uelhoff,  and H. L. Adair 

To de tec t  p o s s i b l e  convection caused by a s t e p l i k e  compositional v a r i a -  
t i o n  i n  a l i q u i d  metal i n  a microgravi ty  environment. 

Reported Conclusions: 
s u f f i c i e n t l y  l a r g e  t o  b r i n g  about t o t a l  mixing i n  t h e  space f l i g h t  spec- 
imens. 
t h e  pure d i f f u s i o n  process .  Resul ts  f o r  t h e  ground-based specimens were 
t o t a l l y  d i f f e r e n t  from those melted i n  space,  with convection being a 
dominant f a c t o r .  

Convective effects were observed bu t  were no t  

Convection effects  were l a rge  enough t o  p r o h i b i t  a n a l y s i s  of 

Reference: 
Metals i n  a Microgravi ty  Environment," R. E. Reed -- e t  a l .  
Report, pp. 111-1 t o  111-87. 
i n  Encatxulated Liauid Metals i n  Microeravi tv:  A D O ~ ~ O - S O V U Z  Test P ro jec t  

"Surface Tension Induced Convection i n  Encapsulated Liquid 
ASTP F ina l  

See a l s o  Surface  Tension Induced Convection 
- L 0 -.I 

Experiment No. MA-041, R. E .  REd  e t  a l .  
a1 Laboratory, December 1976. 

ORNL-TM-5480, Oak Ridge Nation- - -- 

Liquid Mixing 
74-18 SPAR-I December 1975 
Charles F. Schafer  

To i l l u s t r a t e  t h e  na tu re  o f  t h e  space process ing  sounding rocket  acce l -  
e r a t i o n a l  environment by i t s  e f f e c t s  on a confined f l u i d  system conta in-  
i ng  dens i ty  g rad ien t s .  

Reported Conclusions: Residual acce le ra t ions  aboard t h e  rocke t  were 
very low, so t h e  SPAR experiment package provided a good platform f o r  
experiments r equ i r ing  up t o  5 minutes of low-g time. 
l eve l s ,  convect ive f l u i d  motion can occur.  (Addit ional  experiment 
on SPAR-111, December 1976, r e s u l t s  no t  y e t  reported.)  

Even a t  very  low-g 

Reference: "Liquid Mixing Experiment: Experiment 74-18," Charles F. 
Schafer. SPAR-I F ina l  Report, pp. I V - 1  t o  IV-37. 

Bubble Behavior i n  Melts 
74-36 SPAR-I December 1975 
J. M. Papazian and W. R. Wilcox 

To observe d i r e c t l y  t h e  i n t e r a c t i o n  of s o l i d i f i c a t i o n  i n t e r f a c e s  with 
bubbles and t o  observe t h e  migrat ion o f  bubbles i n  a temperature  gra-  
d i e n t  i n  a l i q u i d  i n  t h e  absence o f  g r a v i t a t i o n a l  fo rces .  

Reported Conclusions: 
t e n t  i n  t h e  CBr4 specimens i l l u s t r a t e d  t h e  p o t e n t i a l  problem posed by 

The effect  of g r a v i t y  on t h e  grown-in void con- 
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bubble genera t ion  dur ing  s o l i d i f i c a t i o n  i n  t h e  o r b i t a l  environment. 
In  low g r a v i t y ,  bubble nuc lea t ion  and growth a l s o  occurred but  t h e  bub- 
b l e s  d i d  no t  detach from t h e  i n t e r f a c e  and t h e  d e n d r i t i c  growth f r o n t  
was ab le  t o  go around t h e  bubbles,  thus  forming a void. (Addit ional  ex- 
periment on SPAR-111, December 1976, r e s u l t s  no t  y e t  repor ted . )  

Reference: 
S o l i d i f i c a t i o n  I n t e r f a c e s :  Experiment 74-36,!! J. M. Papazian and W. R. 
Wilcox. 

"Thermal Migration o f  Bubbles and Thei r  I n t e r a c t i o n  with 

SPAR-I F ina l  Report, pp. VII-1 t o  VII-30. 

COMBUSTION 

Zero Gravi ty  Flammability 
M 479 Skylab 4 February 1974 

I J. H. Kimzey 

A manned space f l i g h t  engineer ing experiment t o  provide  information on 
f lammabil i ty  o f  materials f o r  manned spacecraf t .  Tes t s  were made us ing  

, s i x  materials. 

Reported Conclusions: I g n i t i o n  i n  o r b i t a l  f l i g h t  was t h e  same as a t  
one g. Burning rates were slower than in  one g. 
mab i l i t y  provides  an adequate t e s t  fo r  f i r e  s a f e t y .  

One-g t e s t i n g  f o r  flam- 

Reference: "Zero Gravi ty  Flammability,!' J. H. Kimzey. Skylab Resul t s ,  
pp. 115-130. 

ELECTROPHORESIS 

E lec t rophore t i c  Separa t ion  
Apollo 14 January 1971 
E: C. McKannan, A: C. Krupnick, R. N. Grif f in ,  and L. R. McCreight 

To demonstrate t h e  p r i n c i p l e  and problems of zone e l ec t rophores i s  i n  
space us ing  model materials. 

Reported Conclusions: Electrical  and f l u i d  flow systems o f  t h e  appara- 
t u s  worked as designed; gas bubbles were f i l t e r e d  and absorbed even i n  
near -zero  g rav i ty .  
was b e t t e r  than  on ea r th .  The shape and sharpness o f  t h e  advancing 
boundary o f  separa ted  ma te r i a l  were improved i n  space by lack of  s e d i -  
mentat ion and convection cu r ren t s  suppressed by t h e  near -zero-gravi ty  
condi t ion .  

In  a red-blue dye sepa ra t ion ,  r e s o l u t i o n  i n  space 

Reference: Elec t rophores i s  Separat ion i n  Space: Apollo 14, E. C. 
McKannan -- e t  a l .  
Space F l i g h t  Center,  August 1971. 

NASA Technical Memoran= TMX-64611, G e z g e  C. Marshall 
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E l  ect rophoret  i c Separa t ion  
Apollo 16 Apri l  1972 
R. S .  Snyder, A. C. Krupnick, R. N. G r i f f i n ,  and L. R. McCreight 

An experiment us ing  an improved ve r s ion  of t h e  Apollo 14 appara tus  t o  
separa te  by e l ec t rophores i s  l a r g e  polys tyrene  l a t e x  p a r t i c l e s  as a model 
f o r  the sepa ra t ion  o f  b i o l o g i c a l  p a r t i c l e s  i n  later f l i g h t  experiments.  

Reported Conclusions: 
u i d  in  a weight less  environment w a s  demonstrated. 
o f  e lectroosmosis  i n  t h e  absence of  which a d i s t i n c t  s epa ra t ion  of  t h e  
two sizes o f  po lys tyrene  la tex p a r t i c l e s  would have been obtained.  

Elec t rophores i s  o f  model p a r t i c l e s  i n  a f ree  l i q -  
Problems arose  because 

Reference: Elec t rophores i s  Demonstration on Apollo 16, R. S. Snyder. 
NASA Technical Memorandum TMX-64724, GeorgrC.  M a r s h x l  Space F l i g h t  
Center, November 1972. See a l s o  "Free Flu id  Par t ic le  Elec t rophores i s  
on Apollo 16," R. S .  Snyder -- e t  al. Separa t ion  - and P u r i f i c a t i o n  Methods 
2 (2) :259-282 (1973). 

E lec t rophores i s  Technology 

R. E. Allen,  R. E. Bigazzi,  G.  H. Barlow, and Milan Bier 
MA 011 ApOllO-SOyUZ J u l y  1975 

To sepa ra t e  f i x e d  r ed  blood cel ls  ( r a b b i t ,  human and ho r se ) ,  lymphocytes, 
and kidney ce l l s  by e l ec t rophores i s .  

Reported Conclusions : 
e t i c  separa t ions  i n  c losed  tubes was e l imina ted ;  an enrichment of 
urokinase-producing ce l l s  occurred i n  t h e  sepa ra t ion  of  kidney cel ls .  

Reference: 
R. E. Allen e t  a l .  ASTP F ina l  Report, pp. 1-1 t o  1-68. 

Electroosmosis as a major o b s t a c l e  t o  e lec t rophor-  

"Column Elec t rophores i s  on t h e  Apollo-Soyuz Test P ro jec t , "  
-- 

Elec t rophores i s  Experiment 

K. H. Hannig 
MA 014 ApOllO-SOyuZ J u l y  1975 

To i n v e s t i g a t e  and eva lua te  t h e  inc rease  i n  sample f low-ra te  and r e so lu -  
t i o n  achievable i n  space.  

Reported Conclusions: The f e a s i b i l i t y  o f  f ree- f low e l e c t r o p h o r e s i s  f o r  
f u t u r e  experiments i n  space was confirmed. Increased sepa ra t ion  of t h e  
chamber walls, permit ted because convect ive d is turbances  owing t o  j o u l e  
hea t ing  a r e  absent  i n  low g, can provide up t o  t en - fo ld  inc rease  i n  
throughput. In  a sepa ra t ion  chamber o f  l a r g e  c ros s  sec t ion ,  temperature  
condi t ions requi red  f o r  b i o l o g i c a l  materials could be met and t h e  poss i -  
b i l i t y  of s epa ra t ing  l i v i n g  cel ls  under zero-g condi t ions  was demonstrated. 
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Reference: 
ASTP F ina l  Report, pp. 11-1 t o  11-38. 

"Electrophoresis  Experiment MA 014," K. H. Hannig -- e t  a l .  

ADDITIONAL EXPERIMENTS FOR 

WHICH RESULTS ARE NOT YET PUBLISHED 

Gallium Arsenide and Garnet Epitaxy 
74-45 SPAR-I11 December 1976 
M. D .  Lind 

Beryll ium Grain Refinement 
74-48 SPAR-I11 December 1976 
G.  J. London and G. Wouch 

Viscous Coalescence 
74-53 SPAR-I11 December 1976 
D. R. Uhlmann 

Amorphous Ferromagnets 
74-49 SPAR-IV June 1977 
A. E. Lord and G. Wouch 

Cont a i n e r l e s  s Processing fechno logy 
76-20 SPAR-IV June 1977 
T. Wang 
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